Abstract

The assembly of the branched actin network generates the force required for cellular
functions such as cell motility and endocytosis. During assembly, the network
experiences resistance from the membrane and can adapt to the resistive force by
modulating its own growth speed, branch density, and architecture both in vivo and in
vitro. After assembling, the network must be rapidly disassembled so it can be used
elsewhere. Similar to while assembling, the network experiences force while
disassembling. However, how forces affect the disassembly of the network is unknown,
specifically dissociation of Arp2/3 complex branches. | applied a wide range of pulling
forces to Arp2/3 complex branches using microfluidics and used fluorescence
microscopy to measure the lifetime of the branches as a function of force. | found that
small pN forces can accelerate debranching more than 200-fold, from hours to <1 min.
The Arp2/3 complex can exist in two unique mechanical states which | termed
“young/strong” and “old/weak” because “old/weak” branches are more sensitive to force
and dissociate faster under force than the “young/strong” branches under force. Branches
transition from “young/strong” to “old/weak” over time and the transition is triggered by
phosphate release. Lastly, the debranching protein Glia Maturation Factor (GMF)
specifically targets “old/weak” branches over “young/strong” for dissociation. Taken
together, these findings suggest that force and GMF could preferentially disassemble
older portions of the network by targeting “old/weak” Arp2/3 complexes that have

released phosphate.
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Chapter 1 — Introduction

In the introduction of this dissertation I provide an overview of the actin cytoskeleton and
key information required to understand the work presented here. | begin with a basic
introduction to the main components of the branched actin network and its function. |
discuss the structural properties of the branched actin network and the role of the
structural properties in the function of the network. I introduce how the branched actin
network is regulated and turned over in addition to the critical role of the nucleotide
bound to actin and Arp2/3 complex. Last, I discuss how forces can affect branched actin

network assembly and disassembly.

1.1 Main components and assembly of the branched actin network

The main components of the branched actin network are actin, the Arp2/3 complex, and
cross-linking proteins such as fimbrin. The focus of my dissertation is on the mechanical
properties of the Arp2/3 complex. So, below I discuss details on the structure, function,

and regulation of actin filaments and Arp2/3 complex.

Actin

Actin is a highly conserved 42 kD globular protein and with a critical role in many
cellular functions such as cell motility, endocytosis, trafficking (1). Globular actin,
known as G-Actin, can polymerize into filaments called F-Actin. F-actin filaments have
two distinct ends called the barbed end (also known as the plus end) and pointed end
(also known as minus end) and the ends grow at different rates. The polymerization,

biochemical properties, and structure of actin filaments has been well studied with



reconstituted systems in vitro and provides valuable knowledge that is required to

understand the complex function of actin networks within the cell (2).

Hydrolysis & and phosphate release from actin

Actin is an ATPase and the ATPase cycle allows for a broad range of biochemical, and
consequently biophysical, regulation. Actin hydrolyzes ATP as it polymerizes into
filaments (3). Perhaps more important than the rate of hydrolysis is the rate of phosphate
release since it is the rate limiting step in the ATPase cycle of F-Actin, excluding
depolymerization and release of ADP from monomeric actin (4). Phosphate release is
linked to many biochemical properties such as assembly/disassembly rates and regulation
by proteins such as cofilin (5). Since phosphate release is often coupled with large
conformational changes (6), it is reasonable to expect that phosphate release is coupled
with a large structural change in F-Actin. However, a recent cryo-EM structure of actin
bound to different nucleotides (AMPPNP, ADP-Pi, and ADP) revealed that the structure
is surprisingly similar (7). The authors conclude that structural changes in the actin are
primarily controlled by the assembly of actin (i.e. actin flattens when polymerized from
G-Actin to F-Actin) and not the nucleotide. Phosphate release can control the affinity for
actin regulatory proteins such as cofilin, discussed in the following section (5). To
summarize, the ATPase cycle of actin and particularly the phosphate release plays a large
role in the regulation of actin filaments and in this work, I show that phosphate release

from the Arp2/3 complex plays a similarly important role.

Arp2/3 complex
Actin related protein (Arp2), actin related protein (Arp3), and 5 other protein subunits

comprise the Arp2/3 complex and together with actin, forms the branched actin network



(1). The Arp2/3 complex binds to the side of preformed actin filaments, must be
specifically activated by membrane bound proteins, and then initiates the formation of a
“daughter branch” (8). The interface between the Arp2 and Arp3 proteins and actin
comprise the majority of the interface between the Arp2/3 complex the daughter filament
and the remaining subunits primarily interact with the mother filament (9). The assembly
of the branched actin network generates the force required for essential functions like cell
motility and endocytosis (10). The branched actin network can be clearly seen in the
lamellipodia of cells via electron microscopy (11, 12). With purified minimal protein
components, the branched actin network can also be reconstituted in vitro indicating that
scientists have identified the minimal components of the network and have at least a basic

idea of how the network functions and its role in motility (13, 14).

Arp2/3 complex activation

The Arp2/3 complex must be activated before branch initiation and both branch initiation
and debranching are tightly linked with the nucleotide state of the Arp2/3 complex (15-
17). Similar to actin, the Arp2/3 complex is an ATPase and it must bind to ATP to form
branches (17). In cells, the Arp2/3 complex activation primarily at the cell membrane by
membrane bound activators such as WASP (12). In vitro, the Arp2/3 complex can be
activated by the minimal portion of the activator the called VCA (Verprolin Central
Acidic) domain (18, 19). The common feature in these activators and methods is that the
Arp2/3 complex nucleates new branches off the mother filament. Recently, another group
discovered a new class of activators that can activate Arp2/3 complex without mother
filaments (20) and this class of activators was characterized in detail by the Nolen Lan

(21).



The role of the ATPase cycle of the Arp2/3 complex

The role of the ATPase cycle of the Arp2/3 complex remains unclear because there are
inconsistent reports but most evidence suggests that ATP is required for branch formation
and phosphate release usually precedes debranching (15, 17, 22, 23). Using reconstituted
proteins, the Carlier lab reported that hydrolysis is slow (half-life ~800 seconds) and
hydrolysis triggers debranching. Additionally, this study suggested that only hydrolysis
from the Arp2 subunit of the Arp2/3 complex was relevant, not the Arp3 subunit. In
contrast, the Mullins lab reported that hydrolysis occurs almost immediately after branch
formation and phosphate release occurs shortly after (<1 min). They do not comment on
how hydrolysis affects debranching. Since branches can have long lifetimes, >~60 min,
this indirectly implies that phosphate release (occurs in less than ~40 min) does not
trigger debranching which is in direct contrast to the Carlier lab. The Drubin lab made
mutations in the Arp2/3 complex to reduce the rate of hydrolysis and observed that
branches formed with mutant Arp2/3 complex have longer lifetimes than WT Arp2/3.
Interestingly, mutations into both Arp2 and Arp3 subunits that abrogate hydrolysis
decrease hydrolysis and consequently reduce the rate of debranching. This is at odds with
the Carlier lab because they report only the Arp2 subunit is important for hydrolysis and
subsequently triggering debranching. They conclude that ATP hydrolysis accelerates
debranching but their data could not distinguish whether hydrolysis or phosphate release
is the relevant reaction. In Chapter 2, | present data and an interpretation that favors
phosphate release controlling debranching rather than hydrolysis, consistent with the

Mullins lab. Since each group used different assays and different sources of the Arp2/3



complex, it is challenging to identify with certainty the role of ATP hydrolysis in the

Arp2/3 complex and so the role of the ATP cycle will require more investigation.

1.2 Structural properties of the branched actin network

To gain mechanistic insight into how the branched actin network generates and sustains
force, it is important to understand each component of the branched actin network (actin,
Arp2/3 complex, and cross-linkers) and how each component influences one another. In
Chapter 3 of this dissertation, | investigate the mechanical properties of the Arp2/3
complex branches and so provide a brief introduction with relevant information. Briefly,
my goal was to understand if site specific cation could control the branch angle and

mechanical properties of the Arp2/3 complex.

Mechanical properties of the Arp 2/3 complex

The molecular origins (e.g. the specific amino acids, binding interfaces, salt binding sites,
or protein-protein interactions) of the Arp2/3 complex branch junction stiffness are
unknown. The Arp2/3 complex characteristically forms branches at ~70° degrees + ~10°
as observed both in vitro and in vivo but the molecular origins for this particular angle is
unknown (8, 11, 24) . Both mean and variation of the branch angle can vary depending
on the Arp2/3 complex isoform (25), however the mean angle is usually between ~70°
and ~80°. The most likely explanation is because the angle orients the growing daughter
filament to favorably generate force against the membrane (26). Some theoretical studies
suggest that other branch angles may be less favorable for force generation (27). So,
maintaining the stiffness of the Arp2/3 complex branch angle is probably important to

effectively generate force. Blanchoin et al reports a rotational spring constant of the



Arp2/3 complex branch angle and I use a similar metric in Chapter 3 of this dissertation

to measure branch angle stiffness (25).

Based on how cations can modulate the stiffness of actin filaments, the De La
Cruz lab hypothesized that perhaps cation binding at the interface between the Arp2/3
complex and the daughter filament provides structural rigidity and could control the
~~70° degrees branch angle (28). I tested this hypothesis in Chapter 3 of this dissertation.
The data was inconclusive but there was no observable effect of cations on the branch

angle stiffness/rigidity in most of the experiments | present.

1.3 Regulation of protein components

Network turnover

One of the leading hypotheses that describes the structure and function of the branched
actin network is the dendritic nucleation hypothesis and it is supported by a large body of
evidence (2). In the dendritic nucleation hypothesis, actin polymerization is concentrated
at the edge of the membrane in the growing barbed ends of the branched actin network.
Consequently, the growing ends push older portions of the networks backwards away
from the membrane. As the network ages and is no longer needed to generate force, it is
disassembled and the actin monomers and Arp2/3 complexes are recycled to be
reassembled at the leading edge of the cell. A complex regulatory mechanism is required

to maintain precise turnover of this network.

Nucleotide and aging
One method of regulating network turnover is by favoring older portions of the network
for disassembly by identifying and targeting its nucleotide state. ATP hydrolysis acts as a

6



timer/indicator for the age of the network. Newly formed portions of the network are
mostly in ADP-P; state, due to the fast hydrolysis of ATP and slow phosphate release (4).
Older portions of the network are bound primarily to ADP because over time they
hydrolyzed the bound ATP and released phosphate (12). Regulatory proteins such as
cofilin target ADP actin for binding and severing and this targeting provides one
mechanism to target older portions of the network for disassembly (5). My dissertation
has shown that other regulatory proteins such as Glia maturation factor (GMF) (29), a
protein similar to cofilin, can also target older Arp2/3 complex branches for debranching
similar to cofilin severing older filaments. My contribution that GMF targets older
branches for debranching is consistent with the current dendritic nucleation hypothesis
and provides more one component (cofilin targets older ADP actin filaments) for

regulation related to the nucleotide state of the branched actin network.

1.4 Forces on branched actin networks

How forces affect the assembly of branched actin networks

Branched actin networks can adapt to forces both in vivo and in vitro by controlling
parameters such as growth speed, density, and architecture. The Mullins and Fletcher labs
showed that networks adapt to compressive forces applied by AFM by increasing the
density of branches within the branched actin network and consequently power (30).
Adapting to the forces can also provide the networks with a “memory” and can be
explained in the following way. As the network grows, a temporary increase in force can
result in a temporary increase in branch density. This could be due to increased branching
on concave bent filaments (31). When the force is released, the branching rate returns to

normal but the branches that were generated during the time of applied force are still



present in the network but are pushed backwards as the leading edge of the network
grows. A strikingly similar pattern of memory was also seen in cells (32). The authors
applied force to the cell membrane with suction from a micro pipettor and observed that
the network within the cell adapted by increasing density. After the force was released,
the portion of the network with higher branch density could be seen traveling backwards
away from the membrane as the network turned over. Authors also noted that the

architecture of the network was altered with applied load.

How forces could affect disassembly of branched actin networks

Forces may also be able to affect the disassembly of branched actin networks and this is
the major focus of my dissertation. Since force regulates the assembly of branched actin
filaments, | asked the question if debranching could be affected by force. Originally, 1
was most interested in understanding if cofilin dependent debranching could be affected
by force because cofilin severing was thought to be reduced by tension on actin filaments
(33). I hypothesized that cofilin debranching activity could be dampened by force. Before
testing this hypothesis, | first completed the control to determine if force might influence
the dissociation of branches formed by the Arp2/3 complex and found that it does
(Chapter 2). Along the way | found an interesting mechanism by which the Arp2/3
complex can regulate its own sensitivity to force. Immediately after branch formation the
(within less than 40s), Arp2/3 complex is bound to ADP-P; (15). After the Arp2/3
complex releases the phosphate, the Arp2/3 complex shifts into a weak state and is very
sensitive to debranching by force compared to the strong state ADP-P; which is far less

sensitive to force. The nucleotide state of the Arp2/3 complex also controls the ability of



GMF to dissociate branches. Future studies might study if regulatory proteins such as

GMF and cortactin may also affect the sensitivity to force.



Chapter 2 — Force and phosphate release from the Arp2/3

complex promotes debranching

This chapter was taken from a manuscript which is in revision at PNAS as “Force and
phosphate release from Arp2/3 complex promote dissociation of actin filament

branches”.

This work and resulting manuscript was a collective effort, and in this paragraph |
describe who completed each which portion of the project to the best of my memory and
records. | conceived the first iteration of the project and with extensive advice, support,
and guidance from Professor Enrique M. De La Cruz the project design was greatly
improved throughout the process. Dr. Eric Johnson constructed the microfluidics device
and showed me how to use his set-up on the TIRF microscope. | optimized the
microfluidics assay (surface functionalization) and developed the novel assays used in
this chapter. | performed all experiments and generated all required reagents (DNA
constructs, purified proteins, etc.). Dr. Jeffrey Bibeau performed single molecular
tracking of the labeled Arp2/3 in Fig. 1D and 1C and he created Fig. 1C and 1D. Dr.
Wenxiang Cao constructed the mathematical model and used his model to analyze some
of the time courses and fit rate constants to the data, particularly Fig 3B and Fig 10C. Dr.
Wenxiang Cao made Fig 2A/B, 10B and Fig 11. In the text, some of these equations refer
to a derivation in the SI Appendix which was written entirely by Dr. Wenxiang Cao with

editing from all authors. So, | refer to the SI Appendix which is in revision in the above

10



paper, but do not include it in this dissertation because it is not my original work. |
performed the first iteration of analysis for all experiments and then received critical
guidance from all authors to improve the analysis, especially Dr. Wenxiang Cao who
helped fit fitting some data and formatting plots. | wrote the first draft of the manuscript

which was followed by significant editing by all authors on the manuscript, specifically

Dr. Wenxiang Cao, Professor Enrique M. De La Cruz, and Professor Thomas D. Pollard.

I would like to specifically thank Professor Thomas D. Pollard for his extensive editing

which significantly improved the presentation of data and readability of this manuscript.

11



2.1 Abstract

Networks of branched actin filaments formed by Arp2/3 complex generate and
experience mechanical forces during essential cellular functions including cell motility
and endocytosis. External forces regulate the assembly and architecture of branched actin
networks both in vitro and in cells. Considerably less is known about how mechanical
forces influence the disassembly of actin filament networks, specifically the dissociation
of branches. I used microfluidics to apply force to branches formed from purified muscle
actin and fission yeast Arp2/3 complex and observed debranching events in real time
with TIRF microscopy. Low forces in the range of 0-2 pN on branches accelerated their
dissociation from mother filaments more than two orders of magnitude, from hours to <1
min. Neither force on the mother filament nor thermal fluctuations in mother filament
shape influenced debranching. Arp2/3 complex at branch junctions adopts two distinct
mechanical states with different sensitivities to force, which | name “young/strong” and
“old/weak”. The “young/strong” state 1 has ADP-P; bound to Arp2/3 complex. Phosphate
release converts Arp2/3 complex into the “old/weak” state 2 with bound ADP, which is
20 times more sensitive to force than state 1. Branches with ADP-Arp2/3 complex are
more sensitive to debranching by fission yeast GMF (glia maturation factor) than
branches with ADP-P; Arp2/3 complex. These findings suggest that aging of branch
junctions by phosphate release from Arp2/3 complex and mechanical forces contribute to

disassembling “old” actin filament branches in cells.
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2.2 Introduction

Arp2/3 complex forms networks of branched actin filaments that generate and sustain
mechanical forces that power cell motility, endocytosis, and vesicle trafficking (10, 34).
Membrane bound proteins, called nucleation promoting factors, such as WASP activate
Arp2/3 complex, which then nucleates a branch when it binds to the side of a pre-existing
‘mother’ filament (1). The new ‘daughter’ filament elongates and pushes against the
membrane until it is capped. All of the filaments, including branches formed by Arp2/3
complex, must disassemble for recycling to form new filaments and branches. Similar to
actin, Arp2/3 complex is an ATPase (17, 23, 24). Hydrolysis of bound ATP and
subsequent phosphate release have been implicated in controlling branched network
dynamics (15-17, 22, 35), but mechanistic details are lacking.

The assembly and architecture of branched actin networks are sensitive to force in
vitro and in cells (36, 37). Under load, branched actin networks assembled from purified
proteins grow more slowly and with a higher branch density (30, 38), but how these
mechanical forces directly affect the biochemical interactions of branched actin network
protein components has not been firmly established. Similar to measurements with
purified protein components, branched actin networks in cells respond to external load by
increasing density of branched filaments while also reorganizing relative to the
membrane (32).

Networks of branched actin filaments turn over much more rapidly in cells than in
vitro when assembled from purified proteins (39-42). The regulatory proteins cofilin and
glia maturation factor (GMF) accelerate debranching and have been implicated in

accelerating branched network remodeling and turnover (29, 43-46). Although not
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investigated previously, mechanical forces may also affect network disassembly through
debranching.

| report that mechanical forces promote dissociation of branches formed by
Arp2/3 complex and that phosphate bound to Arp2/3 complex regulates the sensitivity to
force. Phosphate release from Arp2/3 complex at branch junctions also regulates
debranching by GMF. Thus, phosphate release from the Arp2/3 complex could target
“older” ADP-Arp2/3 branches for dissociation while sparing “younger” branches with

ADP-P; Arp2/3 complex.

14



2.3 Results

Microfluidics assay to measure dissociation of branches formed by Arp2/3 complex
under force.

I used fluid flowing through a microfluidics apparatus to apply force to actin filament
branches formed by purified fission yeast Arp2/3 complex and muscle actin monomers
(Fig. 1A) as | observed the dissociation of the branches by fluorescence microscopy.
Starting with short filament seeds tethered to the surface of the slide, I assembled
branched filaments from purified ATP-actin monomers and Arp2/3 complex for 2-4 min.
After washing out the soluble proteins, the filaments were allowed to “age” for an
additional, variable time with very slow fluid flow. Thereafter, | started the debranching
process under constant force by flowing buffer over the surface at a rate of 2 — 500 pL
min! until the end of the experiment, while I recorded a series of images. The seeds were
immobilized on the slide, but both the mother filaments and branches were free to
fluctuate (Fig. 1A).

Rapid flow rates flattened branches against the mother filaments until they
dissociated (Fig. 1B, Movies S1-S3). Neither the angle of the applied force (relative to
mother filament orientation), the tension in the mother filament, nor fluctuations in
mother filament shape had a strong influence on debranching (Fig. 2C and D).

| added a snap tag to the Arpc5 subunit of Arp2/3 complex for labeling with
Alexa-488 and simultaneous viewing with 647-Alexa labeled actin. Force dissociated
Arp2/3 complex and the daughter filament concurrently, within the 0.1 s time resolution
of the imaging (Fig. 1D; Movies S4-S5). Buffer flowed across the sample at 500 um s

dissociated both the daughter filament and Arp2/3 complex from the field of view by the
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next frame, making it impossible to determine if the labeled Arp2/3 complex remained

bound to the dissociated daughter filament.

Piconewton forces decreased the time for branch dissociation from hours to <1 min.
Branches formed by ATP-Arp2/3 complex were stable for many minutes without buffer
flow (Fig. 3A) but had a higher probability of dissociating when subjected to the forces
produced by the range of buffer flow rates in the experiments (Fig. 3A). The following
sections explain how the time course of debranching depends on the applied force and
how long the newly formed branches were aged after assembly. At a given flow rate the
force on a branch scales with its length. In some experiments | show the force on
individual branches (Fig. 4), but in most experiments | report flow rates from which |
calculate the average force on branches (e.g. Fig. 3A).

In samples of branches formed by ATP-Arp2/3 complex and aged for 30 min, the
time course of debranching followed a single exponential that depended on the applied
force (Fig. 3A). The observed lifetimes of these branches decreased with force (Fig. 3D),
suggesting a slip bond behavior, so | used the Bell’s equation (47) (Eq. 1) to estimate the

force sensitivity:

Fd

e keT
Tobs = 70€ 1

Here kg is the Boltzmann constant T is the absolute temperature, F is force, and w
is the branch lifetime in the absence of force, d is the characteristic distance to the

transition state (48). The value of d is typically considered a force sensitivity parameter

for bond rupture. An alternative estimate of force-dependence is the force that reduces the
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branch lifetime by half (half force, F12 = 0.693ksT/d), which I estimate to be 0.054 (+
0.008) pN.

Without force, the branch lifetime (), estimated from extrapolation of the fit of
the force-dependence (Fig. 3D), was 106 (£ 8) min (Table 1, k> ~1/7 = 0.01 (= 0.0007)
min), indicating that sustained pN forces reduce s more than two order of magnitude
to <30 s. The force-dependence of individual branch lifetimes (Fig. 4) yielded a half
force (F12) of 0.054 (£ 0.008) pN and 7 = 96 (x 6) min, comparable to the values

estimated from exponential fits of debranching time courses (Figs. 2A and D).

Branches assembled from ATP-Arp2/3 complex dissociate faster under force as they age.
As they age, branches assembled from ATP-Arp2/3 complex dissociated
progressively faster under force produced by a buffer flow rate of 500 uL min* (Fig. 3B).
Immediately after the 2.6 min assembly reaction, when the dominant nucleotide bound to
both Arp2/3 complex and the actin filaments is expected to be ADP-P;j, the time course of
branch dissociation followed a single exponential with a slow observed lifetime (z,
where the subscript F indicates under flow force) of 3.08 (+ 0.05) min corresponding to a
first order rate constant ks of 0.32 (+ 0.005) mint. Thus branches dissociated before a
substantial fraction of the phosphate dissociated. After aging for 30 min, when both
Arp2/3 complex and the subunits in the actin filaments are expected to have bound ADP,
the time course of debranching also followed a single exponential with a 20-fold shorter
lifetime (z ) of 0.15 (x 0.01) min (kir = 6.67 (+ 0.44) min™t). At intermediate aging
times, the time courses followed double exponentials (Fig. 3B) with distinguishable fast

and slow phases, indicating that (at least) two reactions contributed to debranching.
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To evaluate how force affects slow and fast debranching, we aged samples for a
short time (~4 min), so the sample would include mixtures of branches with Arp2/3
complex with bound ADP-Pi and ADP and thus exhibit both slow and fast phases of
dissociation over a range of forces applied with different flow rates. However, the actual
ageing times prior to making observations varied. This uncertainty influenced the
observed amplitudes but not the observed lifetimes, so we only analyzed the lifetimes.
The debranching time courses at forces >1 pN followed double exponential decays (Fig.
2C), yielding the force dependence of the slow and fast phase lifetimes (Fig. 2D and
inset; triangles). The lifetimes of the slow phase (2-4 min range) differed from the fast
phase (0.3 — 0.8 min) in this force range (>1 pN) but neither depended strongly on the
applied force. At low forces < 0.6 pN, dissociation of branches formed from ATP-Arp2/3
complex followed single exponentials, with lifetimes similar to branches with ADP-
Arp2/3 complex (Fig. 2D). At forces less than < 0.6pN, the strong state branches in the
ADP-Pi were present as well, but did not dissociate because of the low forces applied.

The debranching model presented below accounts for these different time courses.
The fast phase lifetime behaved similar to ADP-Arp2/3 complex branches (i.e. assembled
from ATP-Arp2/3 complex and aged 30 min), consistent with fast debrnching population
corresponding to ADP-Arp2/3 complex branches. | discuss the force-dependence of the

slow phase below.

The nucleotide bound to Arp2/3 complex influences the sensitivity of branches to force.
ATP-Arp2/3 complex hydrolyzes the bound nucleotide upon or soon after branch
formation (15, 17) followed by dissociation of the gamma-phosphate with an unknown

rate constant. Therefore, branches formed by ATP-Arp2/3 complex rapidly transition to
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the ADP-P; state for an unknown duration before the release of Pi. Actin filament
branches formed by Arp2/3 complex with mutations that slow ATP hydrolysis are more
stable than those formed by native Arp2/3 complex, so Martin et al. proposed that the
hydrolysis of ATP bound to Arp2/3 complex destabilizes branches (22).

| performed a series of experiments to determine if the nucleotide state of Arp2/3
complex could explain the slow and fast debranching states (Fig. 3B and 3C). Like
Acanthamoeba Arp2/3 complex (17), S. pombe ADP-Arp2/3 complex did not form
branches from ATP-actin monomers nor did the ADP-Arp2/3 complex form branches in
the presence of 20 mM phosphate, (Fig. 5). A likely interpretation of this behavior is that
the transient intermediate ADP-Pi-Arp2/3 complex is competent to form branches, but
ADP-Arp2/3 complex binds P;i very weakly (Kq > 20 mM). On the other hand, S. pombe
ADP-Arp2/3 complex formed branches with 2 mM beryllium fluoride (BeFx) in the
buffer (SI Appendix, Fig. 5), as originally shown for Acanthamoeba Arp2/3 complex (17).
ATP-Arp2/3 complex also forms branches with 2 mM BeFx in the buffer.

Branches with ADP-BeFx Arp2/3 complex dissociate with indistinguishable time
courses whether assembled from ATP-Arp2/3 complex or ADP-Arp2/3 complex in the
presence of 2 mM beryllium fluoride and aged 4 min (Fig. 6). | assume that in both cases
BeFy binds to the ADP-Arp2/3 complex and stabilizes conformations similar to ADP-P;,
as established for actin (49, 50), so | used ADP-BeFx Arp2/3 complex branches made
with either method. ADP-BeFx-Arp2/3 complex branches aged for 4 or 30 min in the
presence of 2 mM BeFx dissociate with similar time courses and follow single
exponentials (Fig. 3B). Thus, branches did not convert from the slowly to the rapidly

dissociating state when aged with BeFx.
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Force is required to dissociate, within the experimental observation period, ADP-
BeFx-Arp2/3 complex branches formed from ATP-Arp2/3 complex in the presence of 2
mM BeFx (Fig. 3C inset). Under low forces (i.e. <<0.6 pN), <20% of branches with
ADP-BeFx-Arp2/3 complex dissociated within 5 h, so branching lifetimes could not be
measured reliably. With forces > 0.6 pN branches dissociated with single exponential
time courses and observed rate constants (inverse of lifetimes) that depended on the
applied force (Fig. 3C inset). Therefore, branches with ADP-BeFx-Arp2/3 complex were
more stable under force than branches with ADP-Arp2/3 complex (formed from ATP-
Arp2/3 complex and aged for 30 min; Fig. 3D).

Under a given force, the lifetimes of ADP-BeFx-Arp2/3 complex branches were
longer (~2 fold) than the slow debranching phase of ATP-Arp2/3 complex branches that
had been aged 4 min (Fig. 3D). The observed rate constant of the slow phase debranching
reflects the sum of the ADP-P; state debranching rate constant and the rate constant for
conversion of the ADP-P;i-Arp2/3 complex to the ADP state (see Discussion).

It is therefore expected to be faster than ADP-BeFx Arp2/3 complex debranching, which

converts more slowly to ADP-Arp2/3 complex (Fig. 3B).

The nucleotide state of the actin filaments does not influence debranching.

| assembled branches from ATP-Arp2/3 complex with ADP or ADP-P; bound to the
subunits in the actin filaments and observed that all had similar time courses of
debranching after aging for a given time (Fig. 7). Samples with ADP-actin filaments were
prepared by assembly from ATP-actin monomers and ATP-actin Arp2/3 complex
followed by aging for 30 min. Samples with ADP-P; actin filaments were prepared by

assembly from ATP-actin monomers and ATP-Arp2/3 complex in buffer containing 20
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mM phosphate followed by aging for 4 or 30 min (Fig. 7). This concentration of
phosphate is well above the Kq for binding ADP-actin subunits (51), so subunits in the
filaments likely had ADP-P; in the active site, assuming that Arp2/3 complex binding
does not dramatically change the affinity of actin for phosphate. Samples assembled from
ATP-actin monomers and ATP-Arp2/3 complex followed by 4 min aging had a mixture
of ADP and ADP-P;i nucleotide states for both actin subunits and Arp2/3 complex.
Samples with AMPPNP-actin (a non-hydrolyzable analog of ATP) were assembled from
AMPPNP-actin monomers and ATP-actin Arp2/3 complex in buffer containing 2 mM
AMPPNP followed by aging for 4 min. Since AMPPNP-Arp2/3 complex does not form
branches ((17); Fig. 5), all of the branches formed from Arp2/3 complex with bound
ATP, while the actin filaments had bound AMPPNP. A previous study of bovine Arp2/3
complex (39) reported more branches on mother filament segments with ADP-P; than
segments with ADP. This difference was attributed to slower dissociation of branches aged
in buffer with 25 mM phosphate allowing time for them to be stabilized by binding to the
slide coated with NEM-myosin anchors. However, that study did not measure time course
of the dissociation of branches, and | did not compare the rate of branch formation on
ADP and ADP-P; mother filaments, so it unknown if the sources of Arp2/3 complex, the
presence of NEM-myosin anchors on the surface or other factors account for the apparent
difference.

Since the debranching kinetics are independent of the nucleotide (i.e. ADP or
ADP-P; or AMPPPNP) bound to the mother and daughter filaments, the stabilization of
branches by BeFx (Fig. 3B-D) is likely due to BeFx bound to Arp2/3 complex in the

branch junction. This suggests that the ADP-Pi-Arp2/3 complex intermediate has
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different mechanical properties than the ADP-Arp2/3 complex after phosphate
dissociation. The lack of an effect of 20 mM phosphate on debranching (Fig. 7) is
consistent with the affinity of S. pombe ADP-Arp2/3 complexes in branch junctions for

phosphate being very weak (Kq > 20 mM).

Force promotes but beryllium fluoride (BeFx) inhibits debranching by GMF.

Glia maturation factor (GMF) (29, 43, 44) promotes the dissociation of actin filament
branches without applied force, so | measured how the concentration of fission yeast
GMF influences the rates of dissociation of actin filament branches with ADP-BeFx-
Arp2/3 complex or ADP-Arp2/3 complex at a low buffer flow rate (15 puL min). This
flow rate exerts very little force on branches and had little or no effect on debranching
(Fig. 3).

Concentrations of GMF up to 1 uM did not dissociate branches with ADP-BeFx-
Arp2/3 complex, but nanomolar concentrations of GMF promoted dissociation of
branches with ADP-Arp2/3 complex (Fig. 8A). Time courses of dissociation of branches
with ADP-Arp2/3 complex followed single exponentials (Fig. 8A) with lifetimes (zobs)
that depended hyperbolically on the concentration of GMF (Fig. 8B).

Force increased the rate that GMF dissociated branches with ADP-Arp2/3
complex (Fig. 9), but dissociation was slower than predicted if GMF and force increased
the rate of dissociation independently (i.e. their energetic contributions to debranching
were additive). This raises the possibility that the reactions catalyzed by force and GMF
are coupled and/or that debranching follows different pathways in the presence absence

of force.
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2.4 Figures and tables
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Fig. 1. Microfluidics assay to measure Arp2/3 complex debranching under force.

time (s)

(A) Diagram showing a short segment of an actin filament containing 10% biotinylated
and 15% Alexa568-labeled (red) actin subunits immobilized on the neutravidin-coated
surface. The surface is passivated with 0.2% tween (illustrated with gray vertical lines).
This seed was elongated at its barbed end with 1.5 uM 15% Alexa647-labeled Mg-ATP-
actin (green) and Arp2/3 complex formed a branch with Alexa647-labeled Mg-ATP-
actin. The green filaments fluctuate freely and are subject to viscous drag forces applied
by fluid flow. (B) TIRF microscopy images of representative branched filaments under

slow flow (2 uL min ~0.004 pN of force for a 1.5 um branch; top) and fast flow (500
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uL mint, approximately 1.02 pN of force for a 1.5 um branch; bottom). Branches are
aligned in the direction of flow. The scale bar is 1 um. (C) The Arpc5 subunit of the
Arp2/3 complex was labeled with Alexa488 via Snap tag and tracked during
debranching. The top panel shows time-lapse images with the actin filaments represented
in red and the Alexa488-Arp2/3 complex located at the junction of the daughter branch
and mother filament represented in green. (D) The top panel shows the spatially
integrated fluorescence intensity of actin at a branch junction as a function of time, used
to determine the observed debranching event time (t = 0). Middle panel shows a
kymograph measured across a branched actin filament. Bottom panel shows the time
course of spatially integrated fluorescence intensity of Arpc5 subunit at a branch junction
with time aligned to its corresponding actin frame. The fluorescence intensity from
Arp2/3 complex reproducibly decreased in a single step for all 12 debranching events

observed.

25



A B

mother fluctuating mother tethered
flow | flow |
. Fa
A Fm Fm

®Arp2/3 complex wmmother segment A biotin tether

C D
T T T T T T T T T T T T 1.0+ 4
1.0+ ] o
= | £ L
g T o8| J
08 i g 0.
o e b
é 06 i § 0.6 |- i
[5]
o L e L
S &
g 0.4r mother filament tethered {1 204r ) : ]
5 | %5 L barb end direction
c c
S 02F 4 802 4
g | g I o
I g L mother filament free I g g | Pointend direction == .
Rl O T S S S S R R S SR B B S N S N E S B
01 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9
time (min) time (min)

Fig. 2. Time courses of debranching depend weakly on tension in the mother
filament and the direction of force.

A and B. Free body diagram illustrating the forces acting on a mother filament segment
(filled rectangular block) with a bound daughter filament. One force (Fd) originates from
pulling of the freely moving daughter filament. This force in the direction of flow scales
with the daughter filament length and flow rate (Eq. 5). The other two forces originate
from pulling of the flanking mother filament segments at each side (Fm and F'm) of the
branch. For a freely fluctuating mother filament, Fm and F'm align with the flow
direction, but in opposite directions (A). When the entire mother filament is tethered, the
orientations of Fm and F'm are confined and do not align with flow. The amplitudes of
Fm and F'm vary with geometry (B). The tension induced in the mother filament segment

with a branch must counter-balance all the three forces acting on it. C and D. Branched
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actin networks were assembled for 4 min with the entire mother filament or just a pointed
end segment tethered to the surface. Without additional aging, the time courses of
debranching followed double exponentials (n = 30 branches) under 500 pL min buffer
flow (~1.02 pN of force for a branch of 1.5 um). C. Time courses of branch dissociation
from tethered and freely fluctuating mother filaments with the buffer flow at 500 pL min-
!, The smooth lines through data are the best double exponential fits, yielding fast phase
lifetimes of 0.19 (x0.02; free) and 0.18 (+0.01; tethered) min, amplitudes of 18 vs. 16%,
and slow phase lifetimes of 3.5 (£0.2; free) and 6.8 (+0.2; tethered) min. The
uncertainties represent the standard deviations from the fits. The force on immobilized
mother filaments depends on their (random) orientations, while freely-fluctuating mother
filaments align with flow and experience tension in a single direction. Thirty branches
were scored for both free and tethered mother filament conditions. D. Time courses of
branch dissociation with the buffer flow at 500 pL min towards the barbed or pointed
ends of mother filaments oriented parallel to the direction of flow and tethered to the
surface throughout their lengths. Flow toward the mother filament barbed end pushed
branches “forward”, while flow towards the mother filament pointed end pushed
branches “backward”. n =30 for the barbed end direction and n =28 for the pointed end.
See Movie S6-7). The smooth lines through data are the best fits to double exponentials,
yielding fast phase lifetimes of 0.23 (£0.02; barbed) and 0.22 (x0.02; pointed) min,
amplitudes of 49 vs. 48%, and slow phase lifetimes of 3.5 (x0.1; barbed) and 2.4 (+0.1;

pointed) min. The uncertainties represent the standard deviations from the fits.
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Fig. 3. Effects of mechanical force and nucleotide bound to Arp2/3 complex on the
time course of dissociation of actin filament branches.

Arp2/3 complex branches were assembled in the flow chamber before applying flow as
described in the Materials and Methods. In Panels A and C, the force on each observed
branch was calculated from its length and the flow rate, and then binned at the indicated
average forces values (see Materials and Methods). (A) The effect of force on the time
course of dissociation of actin filament branches formed by ATP-actin monomers and
ATP-Arp2/3 complex and aged for 30 min, when most branches had ADP bound to
Arp2/3 complex. The fraction of branches remaining is plotted. Smooth curves are the
best fits of single exponentials to the data. Each trace includes at least 14 branches. (B)
Dependence of the time course of dissociation of branches formed with ATP-actin

monomers and ATP-Arp2/3 complex with different aging times (2.6, 4, 12, 30 min) and
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the presence of BeFx. For all time courses, 500 uL min of buffer flow was applied to the
branches for debranching, producing a force of ~1 pN for a branch of 1.5 um. The force
on each branch was not calculated for the data shown. Smooth curves are the best global
fits of double exponentials to the data for aging branches and yielded two shared rate
constants for debranching: slow ks = 0.32 (+0.005) min™ and fast kr = 6.67 (+0.44) min-
!, Smooth curves are the best single exponential fits to the data for branches aged 4 and
30 min with BeFx with lifetimes of 13.9 (x0.2) min™ for the sample aged ~4 min and 14.8
(+0.09) min for the sample aged 30 min. Fig. 10C presents the fractional amplitudes
obtained from the double exponential fits. (C) The effect of force on the time course of
the dissociation of actin filament branches formed by ATP-actin monomers and ATP-
Arp2/3 complex and aged for ~4 min using the same data collection and analysis methods
as (A). The smooth curves are best fits of the data to single (F < 0.6 pN) or double
exponentials (F > 0.6 pN). The fractional amplitude of the slow phase in the time courses
that follow the double exponentials are 0.71 £0.05 (F = 0.98 pN), 0.39 +0.06 (F = 1.29
pN), 0.81+0.05 (F = 1.60 pN), 0.38 +0.02 (F = 1.93 pN), 0.17 +0.02 (F = 2.86 pN). Each
trace includes at least 19 branches. Inset - Time courses of branch dissociation under a
range of forces for branches formed from ATP-Arp2/3 complex in the presence of 2 mM
BeFx and aged ~4 min. Each trace includes at least 13 branches. The smooth curves are
single exponential fits to the time courses. Branches dissociate slowly under 0.2 pN of
force, so the debranching time course cannot be reliably fitted to obtain the branch
lifetime. (D) Dependence of branch lifetimes on force for four different conditions: (filled
black circles) branches formed from ATP-Arp2/3 complex and aged for 30 min to form

branches with ADP-Arp2/3 complex (time courses in Panel A); (filled red squares)
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branches formed from ADP-BeFx-Arp2/3 complex and aged ~4 min (time courses in
Panel C inset); (filled pink triangles) slow debranching phase of branches formed from
ATP-Arp2/3 complex and aged for ~4 min (ADP-P; branch population; time courses in
Panel C); and (filled blue triangle) fast debranching phase of branches formed from ATP-
Arp2/3 complex and aged for ~4 min (ADP branch population; time courses in Panel C).
The uncertainty bars for all data represent the standard deviations from the fits to
exponentials shown in panels A and C. The smooth black curve is the best single
exponential fit (Eq. 1) to the ADP-Arp2/3 complex debranching data points, yielding a
half-force (F1/2) of 0.054 (+ 0.008) pN and branch lifetime in the absence of force () of
106 (+ 8) min (observed rate constant = ™t = 0.01 (+ 0.007) min™). Inset shows that (a)
fast phase lifetimes (blue triangles; 0.3 — 0.8 min at F > 1 pN) differ from the slow phase
lifetimes (pink triangles; 2-4 min at F > 1 pN; t = 6.85, one tail teritica = 2.13 and p =
0.001 by Welch’s unequal variances t-test); (b) the slow phase lifetimes (pink triangles;
2-4 min at F > 1 pN) differ from the debranching lifetimes with BeFx (red squares; 8-9
min at F > 1 pN; t = 6.65, one tail teriticar = 2.02 and p = 0.0006 by Welch’s unequal
variances t-test); and (c) that the fast phase lifetimes (blue triangles) do not differ
significantly from the debranching with ATP aged 30 min lifetimes (black circles) at F >

1 pN (t =-0.86, two tail teriticat = 2.45 and p = 0.42 by Welch’s unequal variances t-test).
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Fig. 4. Rug plot of ADP-Arp2/3 complex branch lifetimes

Rug plot analysis of dependence of branch lifetimes on force for branches formed from
ATP-Arp2/3 complex and aged for 30 min to form branches with ADP-Arp2/3 complex
(time courses in Fig. 3A). Force dependence of individual branch lifetimes was fitted to
Bell’s equation (Eq. 1) for comparison. The best fit resulted in characteristic distance d =

52 (£ 7) nm (F1/2 = 0.054 (= 0.008) pN) and branch lifetime with O force to = 96 (+ 6)

min (rate constant = o™t = 0.01 (+ 0.007) min'?).
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ATP ADP+BeFx

Fig. 5 Fluorescence micrographs of actin filaments in the presence of Arp2/3
complex in the flow chamber.

Experimental set-up and fluorescent labeling are as described in Fig 1A. The flow rate is
<25 pL min L. Upper row: ATP-actin and ATP-Arp2/3 complex (ATP) and ADP-actin
ADP-BeFx-Arp-2/3 complex (ADP+BeFx) prepared from ADP-Arp2/3 with 2 mM
BeSO4 + 10 mM NaF robustly form branches. Lower row: Neither ADP-actin and ADP-
Arp2/3 complex, with or without 20 mM P; (ADP, ADP+20 mM P;), nor AMPPNP-actin
and AMPPNP-Arp2/3 complex (AMPPNP) form branches under the experimental

conditions.
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Fig. 6. Dissociation time courses of branches formed from ATP- or ADP-Arp2/3
complex in the presence or absence of BeFxand aged for various times.
Debranching was observed under force by applying 500 pL min* (approximately 1.02
pN for a branch of 1.5 pum). All time courses follow single exponentials with observed
lifetimes of 0.21 (+0.02) min for ATP-Arp2/3 complex aged for 30 min (blue), 13.9
(+0.2) min“t for ADP-Arp2/3 complex in the presence of 2mM BeFy and aged for 4 min
(brown), and 17.3 (+0.03) min and 14.8 (+0.09) min™! for branches formed with ATP-
Arp2/3 complex in the presence of 2mM BeFx and aged for 4 min (purple) or 30 min

(gray), respectively.
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Fig. 7. The time course of debranching does not depend on the nucleotide state of
the mother filament.

(A) Comparison of the time courses of dissociation of branches assembled in
polymerization buffer containing 0.2 mM ATP with 0 or 20 mM potassium phosphate
and aged for 4 min (dark colored traces) or 30 min (light colored traces) before observing
the time course of branch dissociation at a buffer flow of 500 pL min (approximately
1.02 pN of force for a branch of 1.5 um). Phosphate (20 mM) saturates ADP-actin
filaments to form ADP-P; actin mother and daughter filaments. The affinity of ADP-Arp2
or Arp3 in branch junctions for phosphate is not known. n = 30 for all traces. The smooth
lines through data are the best double exponential fits (4 min aging, fast phase lifetime =
0.23 (x0.02; —Pj) and 0.12 (+0.02; +P;) min, amplitude %0.47 vs. 0.3% for +/- phosphate
respectively and slow phase lifetime = 3.5 (£0.1; —P;) and 3.3 (£0.1; +P;) min) or single
exponential (30 min aging; lifetime = 0.17 (x0.01; —P;) and 0.14 (£0.01; +Pi) min). The
uncertainties represent the standard deviations of the best fits of the data to single or
double exponentials. (B) Comparison of the time courses of dissociation of branches
assembled from ATP-Arp2/3 complex and ATP- or AMPPNP-actin monomers in
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polymerization buffer with 0.2 mM ATP or AMPPNP. After aging branches for 4 min
force was applied by buffer flowing at 500 puL min*. n = 30 branches for both conditions.
The smooth lines through data are the best double exponential fits with slow phase
lifetime of 3.5 (£0.1; ATP) vs. 3.2 (0.1, AMPPNP) min and fast phase lifetime of 0.23
(x0.02; ATP) vs. 0.25 (£0.04, AMPPNP) min. The fast phase amplitude is 0.49 vs. 0.4%.
The uncertainties represent the standard deviations of the best fits of the data to double

exponentials.
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Fig. 8. BeFx inhibits debranching by GMF.

(A) Dependence of the time course of dissociation of branches with ADP-BeFx-Arp2/3

complex or ADP-Arp2/3 complex on the concentration of GMF. Branches with ADP-

BeFx-Arp2/3 complex were assembled in buffer containing 0.2 mM ATP, 2 mM BeSO4

and 10 mM NaF and aged for 4 min. Branches with ADP-Arp2/3 complex were

assembled in buffer with 0.2 mM ATP and aged for 30 min to allow for ATP hydrolysis

and phosphate dissociation (Fig. 3B). Debranching was initiated by flowing buffer with

GMF at 15 pL min*! and continued throughout the debranching measurements. The
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smooth curves are the best fits of single exponentials to the data, yielding the (average)
branch lifetimes. n = 30 branches for each trace. A concentration of 1 uM GMF did not
dissociate branches with ADP-BeFx-Arp2/3 complex assembled from ATP-actin and
ATP-Arp2/3 complex with BeFx and aged for 4 min (open black circles). (B) Dependence
of the lifetimes of branches with ADP-Arp2/3 complex on the concentration of GMF at a
buffer flow rate of 15 uL min™. The line is the best fit of Eq. 3 to the data, yielding a
GMF binding affinity (Kq,emr) of 40 (£10) nM and a maximum debranching rate constant
(kaiss.ome) Of 0.31 (+ 0.05) mint. At this low flow rate, branches with ADP-Arp2/3
complex (without GMF) dissociated with a rate constant (Kgisso = 0.014 +0.0002 min™,
indicated by an open circle) similar to that under zero force (Fig. 3B, Table 1)). The
uncertainty bars are within the data points and represent the standard deviations of

lifetimes in the best single exponential fits of times traces in Panel A.
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Fig. 9. Force and GMF together accelerate debranching of ADP-Arp2/3 complex
branches more than either does alone.

Branches were formed as described in Methods and aged for 30 min to form ADP-Arp2/3
complex branches. Debranching was then initiated with 15 (very weak force —
approximately 0.03 pN for a 1.5 um branch) or 125 uL min* (moderate force —
approximately 0.25 pN for a 1.5 um branch) flow with and without 500 nM GMF. Those
time courses follow single exponential decays (Fig. 3A). Debranching of ADP-Arp2/3
complex branches under 125 puL min* flow was ~15-fold faster than under 15 uL min*
flow (lifetime reduced from 71 to 4.7 min, filled black squares), corresponding to a
reduction in debranching activation energy of 2.7 keT (AAG* = ksT In(z/71). Inclusion of
500 nM GMF alone accelerated ADP-Arp2/3 complex branch debranching ~27 fold
compared to that under weaker flow (15 uL mint) without GMF (lifetime from 71 to 2.6

min, filled red circles) and reduced the debranching activation energy by 3.3 ksT. Force
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(125 pL min flow) and GMF (500 nM) together further accelerate debranching of ADP-
Arp2/3 complex branches, shortening the lifetime from 71 to 1.16 min (filled green
triangles), corresponding to a reduction in debranching activation energy of 4.1 keT. This
reduction in debranching activation energy less than the sum of 6 kT predicted if the
effects of force and GMF were additive. A simulated debranching time course with an
activation energy reduction of 6 ksT with corresponding lifetime of 0.18 min is shown for
comparison (filled blue stars). The uncertainties were propagated from standard deviation

in the lifetime obtained from the best exponential fits.
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Fig. 10. Model and simulations of the pathways of branch formation, aging and
debranching.
(A) Schematic of the hypothesis and model. Formation of a branch by ATP-Arp2/3

complex (red) is coupled to hydrolysis of ATP bound to the Arps (15, 17) with rate
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constant krorm, Yielding ADP-Pi-Arp2/3 complex (orange) in state 1. Irreversible
phosphate dissociation with rate constant keonv COnverts state 1 to ADP-Arp2/3 complex
(blue) in state 2. Branches dissociate from mother filaments with rate constants ki for
state 1 and k> for state 2, both sensitive to force. (B) Simulated time course of the model
showing how the populations of state 1 branches, state 2 branches and dissociated
branches evolve over time in the absence of force. | assumed that Mg-ATP-actin
monomers and Mg-ATP-Arp2/3 complex formed branches for 2.6 min, when the free
proteins were removed, and the reactions continued without additional branch formation.
The red line represents the best single exponential fit to the observed debranching (i.e.
combined from both states) starting with a normalized value of 1 at the end of branch
formation (2.6 min). The experimentally determined or estimated rate constants used in
the simulation are kiorm [Arp] = 0.12 min-?, keonv = 0.14 min?, k1 = 0.012 min~tand k, =
0.01 min~1. (C) Aging time dependence of the fractional the slow and fast phase
amplitudes in the debranching time courses under 500 pL min of buffer flow, obtained
from double exponential fits to the time courses (Fig. 3B). These data were used for
extraction of fundamental rate constants in Table 1. The best global fits of the two-state
model (Eg. 2) to the fractional amplitude data gave rate constants for conversion Keony Of
0.14 min!, state 1 branch dissociation ki of 0.012 s* and branch formation korm, of 0.02
uM- 1 st without force (Table 1). The one negative fast phase amplitude at 2.6 min results
from a net increase in the state 2 branch population during debranching under force after
2.6 min aging time. The state 2 branch population is the net sum of depletion from
debranching (negative contribution to population, exponential decay) and gain from

conversion of state 1 branches (positive contribution, exponential rise). For short aging
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times, little or no state 2 branches exist for depletion and the conversion from state 1
branches, represented by an exponential rise (negative amplitude), dominates the time
course (52, 53). The uncertainty bars are standard deviations of the fractions of branches
from the global double exponential fits of debranching time courses with different aging

times in Fig. 3B.
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Fig. 11. Branches with ADP-Arp2/3 complex are far more sensitive to debranching
by force than ADP-Pi-Arp2/3 complex.

The debranching rate constants in the absence of force for ADP-Pi-Arp2/3 complex (k1)
and ADP-Arp2/3 branches (k2) were determined from analysis of data in Fig. 3 (Table 1).
The global double exponential fits of the aging time-dependence of debranching time
courses (Fig. 3B) yielded the observed slow (ks ) and (krF) phase rate constant under 500
uL mint flow force. The rate constant for ADP-Arp2/3 complex debranching under force
(k2,F) is the fast, observed rate constant (i.e. ko,r = kiF), whereas the slow observed rate
constant represents a composite of the rate constants for ADP-Pi-Arp2/3 complex
debranching (ki,¢) and conversion (Kconv,F) under force (i.e. ksr = k1,r + Keonv,F ; EQ. S41).
Accordingly, ki,r can be estimated as ki < ki r < ksr. The upper limit, where ki r = ksr, is
plotted. The actual ki,r value under force is therefore smaller than plotted. Note that the y-

axis of the inset is on a logarithmic scale.
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Fig 12. Comparison of the nucleation activity of labeled Arp2/3 complex.

Arp2/3 was labeled with an Alexa-488 conjugated to a snap tag on the Arpc5 subunit and
nucleation activity was monitored by the time course of pyrenyl-actin polymerization.
Conditions: 3 puM actin monomers (30% pyrene labeled), 200 nM Arp2/3 complex (x
82% Alexa-488 labeled), and 500 nM GST-VCA at 25 °C. Reactants were mixed at time
zero and fluorescence emission was recorded at 407 nm (excitation wavelength = 365
nm) in a plate reader (Molecular Devices, SpectraMax GEMINI XPS). Red curve:
unlabeled Arp2/3 complex in KMIE polymerization buffer; Blue curve: Alexa-488 Snap
ArpC5 Arp2/3 complex in KMIE polymerization buffer; Black curve: 30% labeled
pyrene monomers alone (no Arp2/3 complex) in KMIE polymerization buffer; Grey
curve: 30% labeled pyrene actin monomers alone in low salt, non-polymerizing, G-buffer
(54).
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Table 1.

Table 1. Rate constants for branch formation and dissociation in the absence of

force.

Conversion  State 1 debranching  State 2 debranching Branch formation

Kconv ki? kz® Kiorm
(min™) (min™) (min™) (uM?t s

0.14+0.03 0.012 0.01+0.007 0.02

Fig. 4 Fig. 4 Fig. 2D Fig. 4

a. The equations used to determine these parameters are approximations, so

uncertainties are not reported.

b. From the fit of force dependent debranching data to Eq. 1, k2 = 1/w. Fig. 2B. The

error was calculated from the standard deviation z in the fit.
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2.5 Discussion

Quantitative analysis of the two-state model for dissociation of actin filament branches.
The experiments presented here show that the nucleotide bound to Arp2/3 complex
determines the sensitivity of branches to dissociation by physical force. A formal
description of a simple two-state model (Fig. 10A) was used to analyze the data and

estimate the rate constants for the three reactions and their sensitivities to force.

Description of the model.

The model (Fig. 10A) assumes that branches form when ATP-Arp2/3 complex binds to
the side of a mother filament and nucleates a daughter filament growing at its barbed end.
Hydrolysis of ATP in the active sites of Acanthamoeba Arp2/3 complex is closely
associated with nucleation of the daughter filament (15, 17), so | assume that state 1
branches have Arp2/3 complex with bound ADP-P;. Dissociation of the phosphate with a
rate constant keonv cONverts branch state 1 to branch state 2 with ADP bound to Arp2/3
complex. Branches in either state can dissociate from the mother filament. The model
predicts that overall, net debranching time courses follow double exponentials with two
rate constants. One observed rate constant is the sum of the rate constants for state 1
debranching and conversion (Kobs1(F) = K1(F) + Keonv(F); (F) indicates optional force). The
second observed rate constant corresponds to debranching of state 2 (Kobs2(F) = kar); SI
Appendix Eqgs. S25 and S29). Force accelerates the dissociation of branches with either
ADP- and ADP-P;i-Arp2/3 complex, but branches with ADP-P; or ADP-BeFx-Arp2/3
(mimicking the ADP-P;j state) complex are much more resistant to force than branches

with ADP-Arp2/3 complex. As branches age, phosphate release converts slowly
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dissociating, “young and strong” state 1 branches with ADP-Pji-Arp2/3 complex into

rapidly dissociating, “old and weak” state 2 branches with ADP-Arp2/3 complex.

Formulation of the model.

The experimental data was analyzed by using a parallel debranching pathway (Figure
10A) where “young” (strong, state 1) branches convert to “old” (weak, state 2) branches
as they age (Fig. 10A). The fit of aging time-dependence of the fractions of slowly and
rapidly dissociating branches was observed under force as the amplitudes (Asr and AsF,

respectively; Fig. 10) of double exponential fits to the following functions:

be_( Keonv +k1—kz )(tage _tl)

As,F =

1+ ae_(kl+kconv_k2)(tage_tl)

1+ (a _ b) e_(kconv+k1—k2)(tage—t1)

:1_AS,F

rE= 14 ae_(kl+kconv_k2)(tage_tl)

where t1 is the 2.6 min during which branches formed from ATP-Arp2/3 complex and
ATP-actin monomers, tage is aging time, the intrinsic debranching rate constants are ki for
state 1 and k> for state 2 in the absence of force and kconv IS the rate constant for
conversion of state 1 to state 2 in the absence of force (Fig. 10A). The constants a and b
are unitless composites of rate constants and initial branch concentrations defined below.
The constant a is force independent and determined only by intrinsic debranching in the

absence of an applied force. The constant b is a function of debranching and conversion
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under force yielding force-dependent amplitudes (Asr and Asr) when debranching and/or

conversion are force-dependent.

k, =k kyr =k g
— k2 _kl _kwm' — kZ.F 7}(1.1"" 7](('0111',1'"
[branch, ], k ’ [branch, ], k

cony

cony

[branch], Kk, —k —k

[branchy],  ky =k =k o conv

Estimation of the rate constants for branch formation and phosphate dissociation.
Global analysis of the data (Fig. 3B and 10C) yielded an overall pseudo first order
association rate constant for branch formation of 0.12 mint. Given 100 nM Arp2/3
complex used in my experiments, an estimate of the second order association rate
constant for Arp2/3 complex binding to mother filaments and subsequent activation
(kform) is ~0.02 pMt st (Table 1), consistent with published reports (18, 19, 55).

The best fit of the fractional amplitudes to Eq. 2 (Fig. 4C) yielded a rate constant
(Kconv) Of 0.14 (+0.03) min! (corresponding to a lifetime of >7 min) for conversion of
state 1 branches to state 2 branches. The rate of conversion reaction is interpreted as the
release of P; from the Arp2/3 complex, and thus state 2 branches as ADP-Arp2/3 complex
branches. This rate constant inferred for P; release from ADP-P; Arp2/3 complex is
similar to the rate constant of ~0.18 min™* for P; release from actin filaments (51).

I can place a limit on the rate constant for phosphate binding to ADP-Arp2/3
complex in a branch junction (k+pi). I interpret conversion to reflect P; release, so k-pi =
Keonv = 0.14 (x0.03) min, and know that P; binds Arp2/3 complex in branches with a low
affinity (Kq >20 mM, Fig 7). Therefore, the second order association rate constant of k+pi

is less than 7 Mt mint = 0.12 M s, This value is two orders of magnitude slower than
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Pi binding to ADP-actin subunits in the interior of filaments (600 M™min*= 10 Ms?;

(51)).

Estimation of the rate constants for branch dissociation at low force.

The rate constant for dissociation of state 2 branches at zero force is k. ~ 0.01 min,
based on the intercept of the force-dependence of ADP-Arp2/3 complex (state 2) branch
lifetimes (Fig. 3D). The rate constant for debranching from state 1 at zero force (ki) is
~0.012 min’t, from the analysis of the aging time-dependence of time course of
dissociation of branches (Figs. 3B and 10C, Table 1, see SI Appendix Part 2 Eq. S42). As
a result of these two rate constants being similar (k. ~ k2), debranching without force
follows a single exponential with a rate constant of ~k» (SI Appendix Part 2 Eq. S25 and
Fig. 10B), even though three reactions (conversion and debranching from state 1 and
state 2) occur simultaneously.

Time courses also follow single exponentials at low forces (<0.6 pN),
independent of the aging time (Fig. 3C & 3D). This behavior arises because dissociation
is much slower than conversion (k1 << Kconv), S0 ADP-P; branches convert to ADP before
dissociating. At forces >1 pN, the observed dissociation time courses follow double
exponentials because keonv < k1 and debranching occurs from both ADP-P; and ADP

branches.

Estimation of the force sensitivity of the branch dissociation rate constants.

Force increases the dissociation rate constants of both branch states, but has a larger
effect on state 2 branches with ADP-Arp2/3 complexes than state 1 branches with ADP-
Pi-Arp2/3 complexes (Fig. 3D). The best global fits of the double exponential time

courses at intermediate aging times yielded a ~20-fold difference in the lifetimes of the
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species that dissociated slowly (ks = 0.32 (x0.005) min') and rapidly (ki = 6.67 (+0.44)
min?) at a buffer flow rate of 500 puL min* (Fig. 3B). Under this force, the observed fast
rate constant is the rate constant for the state 2 branch dissociation (i.e. kir = ko,F) and the
observed slow rate constant is the sum of the rate constants for dissociation for state 1
branches and conversion from state 1 to state 2 (i.e. ks F = ki,r + Keonv,F; SI Appendix Part 2
EQgs.S29 and S41).

Force produced by a flow of 500 uL min increased the observed dissociation of
branches ~670-fold (from k2 = 0.01 to kor = 6.67 min™) for those with ADP-Arp2/3
complex but only 32-fold (from ki = 0.012 to ki.¢ = ks - Keonvr < ks = 0.32 min%; Fig. 3B
and Fig. 7) for those with ADP-Pi-Arp2/3 complex. This difference in force sensitivity of
the two states explains the dramatic acceleration in overall debranching with aging (Fig.
3B). Furthermore, the force produced by 500 puL min™ flow is estimated to increase Keonv
only two-fold from keonv = 0.14 mint in the absence of force to Keonvr = KsF - Ki,F < KsF =

0.32 mint in the presence of force (Fig. 7.).

Implications of the force sensitivity of branches for their turnover in cells.

Implications for debranching by myosin motor proteins.

A sustained flow force of ~1 pN dissociates ADP-Arp2/3 complex branches in <30 s
(Fig. 3D), raising the possibility that pN contractile forces generated by myosin motors
could rapidly debranch and reorganize Arp2/3 complex networks. Myosin accelerates
network disassembly and reorganization in both biomimetic systems (56, 57) and in cells
(58, 59). The work (i.e. energy term) from the applied force determines the overall

debranching acceleration, not the force per se.
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Implications of nucleotide dependent force sensitivity of Arp2/3 complex debranching.
“Young” branches with ADP-Pi-Arp2/3 complex are more resistant to dissociation by
force than “old” branches with ADP-Arp2/3 complex. Nucleation promoting factors
associated with membranes (plasma membrane, vesicles, intracellular bacteria) activate
Arp 2/3 complex, so “young” branches are located closer to these surfaces than “old”
branches. If force is uniformly distributed across the filament network, old branches
farthest from the surface with nucleation promoting factors would be preferentially
debranched.

This differential response to force may contribute to the observed remodeling of
cellular branched actin networks under load, including local changes in branch density
(30, 32, 38). A minimal kinetic model was applied (SI Appendix Part 3, see paper in
revision at PNAS) to analyze how selective, force-sensitive debranching might influence
the distribution of branches in actin networks at the leading edge of cells. The model
assumes Arp 2/3 complex is activated uniformly at the membrane, such that the branch
density distribution is also uniform, on average, along the plane parallel to the cell
membrane at the leading edge. The model with the experimental parameters determined
here predicts that the density of branches decays exponentially (see also (60-62)) along
the axis perpendicular to the membrane, toward cell interior both in the absence and
presence of force, but preferential debranching of old Arp 2/3 complexes shortens the
branch density decay length and can, under some conditions, increase the local branch
density near the membrane. Thus, external force on the leading edge of cells favors
debranching of old branches that have migrated toward the cell interior over young

branches still near the membrane and can thus contribute to spatial and vectorial network
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turnover. External force may also influence binding of cofilin (33) and GMF (Fig 8;
discussed below), both of which display debranching activity (43, 46).

GMF selectively dissociates ADP-Arp2/3 complex branches.

Fission yeast GMF increases the rate constant for dissociation of branches with ADP-Arp
2/3 complex up to ~20-fold, but does not dissociate branches with ADP-BeFx-Arp 2/3
complex (Fig. 8). The following parallel reactions describe GMF-catalyzed dissociation

of branches with ADP-Arp2/3 complex:

Arp + GMF —2&£ Arp-GMF
¥ Kiss 0 VKgisome ~ SCheme 1,
debranched

where Kaiss.o and Kiss,cmr are the dissociation rate constants of branches formed by Arp2/3
complex alone (Arp) and GMF-bound Arp2/3 complex (Arp-GMF), and Kq,emr is the
affinity of GMF for Arp 2/3 complex in a branch junction. This scheme assumes that
GMF binding equilibrates rapidly compared to the rate of debranching (and k+cmer[GMF],
K-amrF >> Kaiss,0, Kdiss,omr) and that [GMF]>>[Arp2/3 complex].

Debranching from the parallel pathway in Scheme 1 follows a single exponential
(63). The dependence of the observed branch lifetime (zps) on the concentration of GMF

to Eq. 3 can be expressed in two ways, first:

(70 — 7omr ) [GMF]

T,
Kd.omF ( GTMF j+[GMF]
0

Tobs = %0 —

Alternatively, the relationships can also be expressed in terms of observed rate constants

(63, 64);

(kemr —ko ) [GMF]

k.,.=k,+
obs 0 Kq.eme +[GMF]
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The best fit of Eq. 3 to the dependence of the observed branch lifetime (zobs) On
the concentration of GMF (Fig. 8B) yielded an apparent affinity of GMF for ADP-Arp2/3
complex (Kq, emr) of 40 (£ 10) nM and a lifetime of GMF bound to ADP-Arp2/3 complex
in branches (zemr) of 3.3 (x 0.5) min. This corresponds to a debranching rate constant
(komr = 1/7ome) of 0.31 (+ 0.05) mint. In Egs. 3 and 4, ko is the debranching rate constant
and 1 is the branch lifetime without GMF under very low flow rate (15 uL min™), i.e.
very low average force. The best fit yielded ko = 1/ = 0.014 (+ 0.0002) min™,
corresponding to o= 71 (£ 1) min. These values are slightly faster than the intrinsic
dissociation rate constant for branches with ADP-Arp2/3 complex in the absence of force
(>100 min; Fig. 8) due to the 15 uL min flow rate employed in this experiment. The
GMF concentration at half maximum effect is given by Kqemr (7emr/ m) in EqQ. 3 and
Ka,emr in EQ. 4, so its value differs depending on how the data is plotted.

Reported affinities of GMF for soluble Arp2/3 complex (Kg.cve) vary widely:
>>10 uM for ATP-Arp 2/3 complex (65); 0.7 uM for ADP-Arp2/3 complex (65); and 13
nM (29, 43, 44) or ~1 uM (66) for Arp2/3 complex without a specified nucleotide. S.
cerevisiae (29, 43, 44); bovine brain (65); and S. pombe, this study and (66). | found that
the measured affinity of GMF for Arp2/3 complex in branch junctions bound to both a
mother and daughter filament depended on the bound nucleotide. Arp2/3 complex used in
these studies came from different organisms.

Thus, GMF preferentially dissociates “old” branches with ADP-Arp2/3 complex
rather than “young” branches with ADP-Pi-Arp2/3 complex. Given that GMF has a much
lower affinity for ATP-Arp2/3 complex in solution than ADP-Arp2/3 complex (65) weak

binding of GMF to ADP-Pi-Arp2/3 complex in branches is the most likely explanation
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for the resistance of young branches and branches with ADP-Bex-Arp2/3 complex to
dissociation by GMF. The nucleotide bound to Arp2/3 complex might also affect the
debranching reaction directly.

Saturating GMF destabilizes ADP-Arp2/3 complexes, reducing their lifetime
from more than 60 min to ~3 min (Fig. 8). While GMF strongly promotes debranching,
these long lifetimes (3 min) at saturating GMF concentrations place limits the role of
GMF in mediating debranching and network turnover in cells. More rapid debranching
may be achieved by combining GMF with force and/or from contributions from other
debranching proteins such as cofilin, which dissociates branches on a second time scale at

micromolar concentrations without force (46).

Arp2/3 complex likely dissociates with the daughter filament.

A daughter filament and its associated Arp2/3 complex dissociate simultaneously (within
the 100 ms time resolution of the experiments) during debranching events. | cannot
eliminate a pathway in which the daughter filament detaches first, followed by rapid
release of Arp2/3 complex. However, | favor a mechanism where the interface between
Arp2/3 complex and the mother filament ruptures and simultaneously releases the
daughter filament with Arp2/3 complex on its pointed end. This mechanism is consistent
with actin filaments rarely fragmenting under debranching conditions, so the rate constant
for rupture of the actin-actin interface is hundreds of times slower than the rate constant
for rupturing a branch junction. Given that the interface between Arp2/3 complex and the
daughter filament is structurally similar on many levels to an actin-actin interface (67), it
is likely to rupture slowly like actin. This assumes that the Arp2/3 complex is in its active

conformation with Arp2 and Arp3 positioned similar to actin monomers in a filament.
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2.6 Methods

Protein purification.

Rabbit skeletal muscle actin was purified from back and leg muscles and labeled on
lysine residues with NHS esters of Alexa 568, Alexa 647, or biotin (68, 69) or on Cys
374 with pyrene iodoacetamide (54). Actin monomers with bound ATP were passed
twice through a desalting column to exchange into G-Buffer (20 mM Tris pH 8, 2 mM
CaClz, 10 mM NaN3z 0.2 mM ATP, and 0.5 mM DTT) containing 0.2 mM AMPPNP
instead of ATP and incubated for 1 h at 25 °C. Remaining free nucleotides were removed
with a desalting column in G-Buffer containing AMPPNP instead of ATP prior to
polymerization experiments. Arp2/3 complex was stored in ATP buffer solution
composed of 10 mM PIPES at pH 6.8, 100 mM KCI, 1 mM MgCly, 0.25 mM EGTA, 0.1
mM ATP, and 1ImM DTT.

Recombinant fission yeast GST-VCA was purified from bacteria (70). S. pombe
Arp2/3 complex was purified from the TP150 strain, a protease deleted S. pombe strain as
described in (70). A S. pombe strain with the Arpc5 subunit tagged with a snap tag was
obtained from the Berro Lab. This Arp2/3 complex was purified as the WT Arp2/3 as
described above except the last gel filtration step was omitted (until after labeling) to
retain high yield required for labeling and DTT was replaced with 0.2mM TCEP. 488-
Snap dye was purchased from NEB and resuspended in DMSO. This dye was mixed with
the purified Arp2/3 Arpc5 snap tagged complex at a ratio of 3:1 and incubated for 4 hours
rotating at 4 C°. Then the protein and excess dye were centrifuged in a TLA-110 for 20
min at 70K to remove any aggregated protein or dye. Excess dye was removed with three

consecutive 5ml Hi-Trap desalting columns and gel filtered as described in (70). Bulk
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polymerization assays with pyrenyl-actin and GST-VCA showed that Arp2/3 complex
with 82% labeling of the snap tag nucleated 91% as many actin filaments as unlabeled
Arp2/3 complex (4.2 nM vs 4.6 nM of barbed ends at half maximal polymerization; Fig.
12) ((54, 70).

A cDNA for S. pombe GMF was cloned and inserted into the pet28a plasmid that
includes GST and TEV protease sites. Recombinant GMF was expressed in Rosetta2
BL21 E. coli cells (Novagen) and purified using glutathione affinity chromatography.
After cleaving off GST with TEV-protease, a second round of glutathione
chromatography removed the protease and GST. After FPLC on a MonoQ column (43),

the GMF was greater than 95% pure when analyzed by SDS PAGE.

Microscopy and Microfluidics.
A TIRF microscopy system with a Till iMic digital microscope equipped with a x100
objective NA=1.49 (Olympus) and an Andor iXon897 EMCCD camera was used in this
study. Images were acquired at a rate of 5 to 30 frames per second. Coverslips were
cleaned with the following solutions, all incubated in a sonicator for 30 min and rinsed
intensively with Milli-Q water in between steps; 2% Hellmanex, water, acetone, 1 M
HCI, 5 M KOH, and hexane, then silanized with 650 pL of dichlorodimethyl silane in
500 mL of hexane for 30 min, and subsequently rinsed and sonicated in hexane for 3 x1
min. Coverslips were dried using a stream of nitrogen gas and stored in falcon tubes at
—20 °C for up to 2 months (71).

A glass microfluidic chamber was constructed as described (72). Briefly, the input
and output ports for flow solution were formed in PDMS using a flat tip needle. Holes

connecting the PDMS to parallel sample chambers were drilled through the glass with a
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diamond tip bit. Subsequently, a plasma cleaner was employed to bond PDMS to slide
glass. Immediately before use, chambers were assembled using parafilm on the glass
slide opposite to PDMS ports and a coverslip was placed over the parafilm and sealed
with heat.

A fixed rate hydrodynamic flow exerted by an automatic syringe pump applied
pulling forces on actin filaments. The magnitude of pulling force on a branch joint (Fa,
Fig 2.A and B) scales with daughter filament branch length and flow rate. These values
span a range up to a few pN for the daughter filament lengths and flow rates examined
here. Pulling force was calculated according to the Batchelor (73) equation:

2rlv

Equation 5 estimates drag force on a cylindrical filament with correction for the height

Fd:

(h) of the filaments from the surface of the flow chamber (74). Solution viscosity (7)is
assumed to equal unity. | is the (daughter) filament length and varies for individual
branches. The average actin filament radius is r =4 nm, and v is the linear fluid velocity
in the plane of the filament. | assume an average height (h) of 200 nm from the flow
chamber surface. The fluid velocity (v) is proportional to bulk flow rate and was
determined from the movement of 100 nM TetraSpek beads (Thermo Fisher) through the
sample chamber (73). Only beads moving parallel to the surface were employed in my
analysis, as the flow velocity profile changes with the height from the chamber surface.
Bead flow velocity was measured via ImageJ “Manual Tracking” and used in force
calculations (73). In the experiments presented in Fig 2A and 2C, multiple experiments at

different flow rates were performed and the force on each branch was calculated using
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the flow rate and length of the branch. Then, debranching data from different flow cells
with a range of flow rates were binned according to the force on each branch and plotted
as survival time courses, given by the fraction of branches remaining at each time point.
For example, the branches in Fig. 2A were divided into bins of at least 13 branches. The
bin size for each data point is approximately the mid-point between the point itself and its
neighboring data points (Fig 2D). At low forces (0.002-0.4 pN), the bin sizes were small,
for example (0-0.04 pN, 0.1-0.2 pN, etc) and higher forces (> ~1 pN) the bin sizes were
larger for example (0.8-1.4 pN, 1.4-2.4 pN, etc).

Some of these parameters are uncertain, so the estimated force values may be
offset systematically for all of my experiments. The least certain parameter is the distance
of individual filaments from the surface, which may vary by <50% from the average
distance of 200 nm assumed here. A 500 uL min™* flow rate produces forces on a 1.5 pm
branch of 0.94 pN at a height of 300 nm, 1.02 pN at 200 nm and 1.20 pN at 100 nm
Therefore, the absolute forces and parameters calculated from them may be imprecise,

but no more than 20%, and the relative forces between experiments can be compared.

Preparation of branched actin filament networks and experimental procedures.

KMIE buffer (24, 45) (10 mM imidazole pH 7.0, 50 mM KCI, 2 mM MgCl;, 1 mM
EGTA, 0.2 mM ATP, 2 mM DTT) supplemented with 15 mM glucose, 0.02 mg mL*
catalase, and 0.1 mg mL* glucose oxidase was used for all microscope experiments,
unless noted otherwise. Filaments of 568-Alexa-labeled actin (Fig. 1A, red filament
segment; 15% labeled with Alexa-568 and containing 10% biotinylated actin subunits;

were polymerized in KMIE buffer, sheared by vigorous pipetting, and subsequently
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mixed with 1.5 uM 647-Alexa labeled actin monomers (Fig. 1A, green segment and
branch), 0.1 uM Arp2/3 complex, and 0.5 uM GST-VCA in KMIE buffer. This solution
was incubated for 1-2 min to initiate branch formation. During the branching reaction,
green actin monomers elongated from either the barbed end of short 568-Alexa actin
segments or mother filament bound Arp2/3 complex-VCA, forming mother or daughter
filaments, respectively. This mixture was pipetted into flow chambers where the short,
red actin segments bind the neutravidin coated coverslip surface and the branching
reaction was allowed to continue for 1-2 min. The total time of branch formation and
aging for a given experiment (e.g. 2.6 min) is indicated in the text. Branch formation and
filament elongation was then terminated by removing untethered proteins (labeled actin,
Arp2/3 complex and GST-VCA) from the sample chamber with gentle flow of KMIE
buffer. Tethered filaments were further aged for different time periods after the removal
of unbound protein. Low (2 pL min) flow applied during aging ensured irreversible
debranching. Filament segments with 568-Alexa-actin subunits (red; Fig. 1A) were
tethered to the surface, while 647-Alexa actin (green; Fig. 1A) mother and daughter
filaments were allowed to freely fluctuate and align with flow. Unlabeled actin monomer
(0.2 uM) was included in flow buffer solution to prevent filament depolymerization. The
“aging time” specified in each experiment is the time between the initial mixing of the
proteins and application of debranching flow, including the time for branch formation
and further aging. Debranching under force was performed by applying flow at a fixed
rate (specified in text) throughout the experiment. Since unbound proteins were removed

after the branch formation period, actin filament elongation was terminated, and
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individual branch length (I) and consequently applied force (F) on the branch joint were
constant (Eq. 5).

Experiments with BeFx were performed two different ways. (a) For experiments with
ATP-Arp2/3 complex (Fig. 3C inset), branches were formed from ATP-actin monomers
and ATP-Arp2/3 complex as described above but with 2 mM BeSO4 and 10 mM NaF
included in the buffer at all times, and aged for 4 min before applying various rates of
flow with KMIE buffer supplemented with 2 mM BeSO4 and 10 mM NaF. For the
experiment with BeFx and 30 min aging (Fig. 3B, gray), ATP-Arp2/3 complex branches
were formed as described above and aged for 30 min with 2 mM BeSO4 and 10 mM NaF
before applying flow with KMIE buffer. (b) For experiments with ADP-Arp2/3 complex
and BeFx (Fig 3B, brown), mother filaments with ATP-actin (10% biotinylated)
monomers were immobilized on the surface as described above and the KMIE buffer
(which includes ATP) was washed out and replaced with KMIE ADP buffer
supplemented with 2 mM BeSO4 and 10 mM NaF. Then ADP-actin monomers, ADP-
Arp2/3 complex, and GST-VCA in KMIE buffer with 2 mM BeSO4 and 10 mM NaF and
2 mM ADP instead of 2 mM ATP were gently flowed into the chamber and allowed to
form branches. After a 4 min branch formation period, all unbound proteins were washed
out with KMIE ADP and 2 mM BeSO4 and 10 mM NaF and maintained under flow as
noted. ADP-actin and ADP-Arp2/3 complex were prepared by exchanging nucleotide
from ATP-actin and ATP-Arp2/3 complex, respectively, using desalting columns. ADP-
Arp2/3 complex never formed branches unless 2 mM BeSO4 and 10 mM NaF was

present as reported previously and shown here (Fig. 5) (17, 24).
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For experiments with AMPPNP mother filaments, filaments were polymerized from
AMPPNP-actin monomers and immobilized on the surface as described above. Branch
formation was initiated with ATP-Arp2/3 complex as described above in KMIE buffer
with 0.2 MM AMPNP instead of 0.2 mM ATP. Since AMPPNP-Arp2/3 complex does
not form branches (17), verified in my experiments (Fig. 5), all branches formed from
Arp2/3 complex with bound ATP. Since the flow buffer included 0.2 mM AMPPNP, all
actin monomers remained bound to AMPNP. The solution with Arp2/3 complex
accounted for less than 1% of the final solution volume, so it introduced a negligible
amount of ATP.

In debranching experiments with GMF with or without BeFx, samples were prepared
as above except that debranching was initiated by gentle flow of buffer (15 pL min?,
very low force) containing a range of concentrations of GMF and the flow was

maintained throughout the experiment.

Data analysis.

Analysis of branch dissociation was done by manual tracking with ImageJ
(imagej.nih.gov). Branches that were fluctuating at all times and did not stick to the glass
surface were selected randomly to minimize bias. These branches were labeled,

catalogued and observed for their entire lifetimes. Origin (www.originlab.com) was used

to fit all data and make plots. For the Arp2/3 complex debranching images in Fig. 1, a
Gaussian blur with a sigma radius of 1.25 pixels was applied. Then images were
background subtracted with a rolling ball radius of 15 pixels and subsequently contrast

enhanced.
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Chapter 3 — Arp2/3 complex stiffness cation binding site

| completed all work in this chapter and | received significant training, advice,
and guidance from multiple people and labs while completing the work. I learned how to
use the CRISPR/Cas9 system and handle S. pombe from the Berro Lab members Dr.
Ronan Fernandez and Dr. Neal Ravindra. | learned how to perform negative stain
electron microscopy from Dr. Mark Moosekar and Dr. Kaifeng Zhou. I learned how to
perform the magnetic bead assay from Dr. Cesar Valencia, Dr. Olivia du Roure, and Dr.
Julien Heuvingh. | am greatly indebted to those who shared their knowledge and
expertise with me. I am truly grateful for their efforts and for spending their time to help

me.
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3.1 Abstract

The branched actin network generates and sustains the mechanical force required for
cellular functions like cell motility and endocytosis. The network relies on mechanical
properties such as stiffness to exert force on and resist force from the cell membrane. The
main components of the network that give rise to the mechanical properties are actin,
Arp2/3 complex, and cross-linking proteins such as fimbrin. Cations bound to a discrete
cation binding site at the interface of neighboring actin subunits stiffen the actin filament
and provide one method of control over actin mechanical properties. The cation binding
sites in actin filaments are conserved in the Arp2/3 complex leading to the hypothesis that
the Arp2/3 complex branch stiffness can be modulated by a cation binding site. To test
this hypothesis, | disrupted the cation binding site to abrogate the ability of the Arp2/3
complex to bind to cations and compared the biochemical and biophysical properties of
the mutant Arp2/3 complex to wild type (WT) Arp2/3 complex. | found that the
mutations of the cation binding site residues have no effect on the growth, stiffness of
Arp2/3 complex branches, or debranching under force. However, nucleation activity of
the mutant Arp2/3 complex is slightly lower than the WT Arp2/3 and the Young’s
modulus of branched actin networks formed with the mutant Arp2/3 complex is ~25%
lower than networks formed with WT Arp2/3 complex. The decreased Young’s modulus
could be due to fewer branches in the mutant networks or lowered branch stiffness of the
mutant Arp2/3 complex. Further studies that precisely measure the number of branches in
the network are required to interpret the reduced Young’s modulus of networks formed

with mutant Arp2/3 complex.
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3.2 Chapter Introduction

The mechanical properties of actin filaments has been linked to discrete cation
binding sites along the filament. The proposed cation binding site located at the interface
of mammalian actin subunits is hypothesized to modulate the mechanics of the actin
filament. Multiple amino acids comprise the cation binding site but the primary amino
acid that contributes to the proposed cation binding site is Glutamate 167 (75). Glul67 is
located directly at the surface of subdomain 3 and stabilizes cations via the D-loop of
neighboring subunits. The proposed cation binding site has been engineered into actin
from other species which lack the proposed cation binding site rendering the mechanical
properties of the actin filament sensitive to cations (28, 75). For example, S. cerevisiae
actin does not have a cation binding site because alanine is located at position 167.
However, the mutation Alal67Glu confers a stiffness cation binding site into actin that

can modulate the mechanical properties of the S. cerevisiae actin filaments.

Kang et al demonstrated that the mutation Alal67Glu into S. cerevisiae actin
filaments renders the mechanical properties of the filaments sensitive to cations in
solution (28, 75). WT S. cerevisiae actin filaments have a persistence length of ~2um and
the persistence length does not increase as a function of MgClz. On the other hand, the
persistence of S. cerevisiae actin filaments with the Alal67Glu mutation respond to
MgCl». This was an interesting observation because the persistence length of most
polymers decreases with increasing salt concentration due to charge shielding effects
(76). The fact that additional salt increase persistence length suggested that the increased
persistence length is due to increase subunit contacts due primarily to discrete cation

binding.
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The amino acids that comprise the proposed stiffness cation binding site in
mammalian actin are conserved in mammalian Arp2 and Arp3 and are hypothesized to
modulate the stiffness of the Arp2/3 complex branch junction via binding to a cation (28).
It would be ideal to make mutations in the human Arp2/3 complex proposed cation
binding site and measure the effect of the mutation. However, it is challenging to make
mutations into the human Arp2/3 and purify it from recombinant systems (bacteria) like
other small globular proteins because Arp2/3 complex is a 7-subunit complex. Therefore,
| chose S. pombe as a model organism because the sequence of the Arp2/3 complex is
very similar to human and the critical residues for cation binding are conserved (Fig. 1). |
disrupted the proposed cation binding site of S. pombe Arp2/3 complex via site directed
mutagenesis. | hypothesized that branches formed with the mutant Arp2/3 complex
would be more flexible and be more complaint under force. | purified the mutant Arp2/3
complex and tested the hypothesis that the cation binding site modulates the stiffness of

the Arp2/3 complex branch.
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3.3 Results

The stiffness cation site found in actin is conserved in the Arp2/3 complex

Based on the engineered stiffness cation binding site in S. cerevisiae actin, the De La
Cruz lab proposed the hypothesis that the Arp2/3 complex also contains a similar
stiffness cation binding site due to the conserved sequence and this cation binding site
may control the stiffness of the branch junction (28). To test this hypothesis, | used the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Cas9 system in
collaboration with the Berro Lab to engineer the following mutation Arp2 Glul167Ala and
Arp3 Glul98Ala in S. pombe Arp2/3 complex Fig 1. The Arp2 E167A Arp3 E198A
mutations were designed based on the conserved sequence and on structural similarities
to the action binding site of actin. | measured the growth of the Arp2/3 complex mutant
E167A Arp2 E198A Arp3 mutants under stress conditions which included chemical and
temperature stress and observed no major growth defects, suggesting that the original
amino acids are not extremely important for biological function, Fig 2. This data cannot
rule out that the engineered mutations reduced the activity or function of Arp2/3 complex
and other compensatory mechanics such as mutations or regulation of protein levels
compensated for the effects of a defective Arp2/3 complex. Lastly, although no
observable growth defects were measured, CRISPR can cause off target mutations and

future people who use this train should consider this for their particular applications.

The Arp2/3 complex branch angle or force-sensitivity to debranching was unaffected by
the mutations E167A Arp2 E198A Arp3
| used electron microscopy of negatively stained samples to measure the branch angle of

Arp2/3 complex branches formed with WT or mutant Arp2/3 complex and observed no
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difference in the mean or standard deviation of the branch angle. Briefly, branches were
formed by mixing 3 UM G Actin, 180 nM Arp2/3 complex and 0.5 uM GST-VCA and
incubated for 2-3 minutes. Branches were immobilized on grids with 1% uranyl acetate,
details in methods. At least 50 branches were selected for both WT and mutant Arp2/3
complex and the angle of each branch was measured by hand using Image J angle
selection tool. A typical Arp2/3 complex branch is shown in Fig 5. The mean branch
angle was 72.1 + 1.72° for WT Arp2/3 complex and 73.7 £ 1.56° mutant Arp2/3
complex, indicating that there is very little or no observable difference in the mean and

standard deviation of the branch angles, Fig 3A.

| measured the dissociation of Arp2/3 complex branches formed with WT and
mutant Arp2/3 complex branches while applying 500 pL mint of buffer flow and found
that there was no observable difference in rates of dissociation under force. | assembled
branches and immobilized them on the glass surface as described in Chapter 2. | aged the
branches for 4 minutes to capture both “young/strong” and “old/weak” mechanical states
of the Arp2/3 complex and then applied constant buffer flow with a rate of 500 pL min™.
| recorded branch dissociation by hand with Image J and plotted the fraction of branches
remaining as a function of time to obtain time courses of debranching, Fig 3D. Both
traces fit well to a double exponential with rate constants of WT fast phase lifetime of 0.2
+0.01 min and slow phase 3.5 £0.1 min and mutant fast phase lifetime of 0.2 £0.03 min
and slow phase 2.0 £0.07 min. Both the fast phase and slow phase dissociation rate
constants and their relative amplitudes of both WT and mutant Arp2/3 complex are
similar, suggesting that the dissociation rate constant of both weak and strong states of

the Arp2/3 complex of WT and mutant are similar. Additionally, since both WT and
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mutant Arp2/3 have similar amplitudes at the same age time, the hydrolysis of bound
ATP is probably not vastly different in the mutant Arp2/3 complex compared to WT

Arp2/3 complex.

The mutations E167A Arp2 E198A Arp3 into the Arp2/3 complex slightly reduced
nucleation activity

| used TIRF microscopy to measure the nucleation activity of WT Arp2/3 complex and
mutant Arp2/3 complex and found that the mutant Arp2/3 complex was slightly defective
in nucleation. Aged 10% biotinylated 488 Alexa-actin filaments were bound to the
surface of a glass chamber via biotin-neutravadin interaction. Subsequently, 600 nM 15%
647-G Actin, 30 nM Arp2/3 complex, and 500 mM GST-VCA in 1x KMIE buffer was
pipetted into the chamber and branch formation was observed immediately. The
formation of branches and total length of mother filaments in the field of view was used
to calculate the number of branches per mother filament length, Fig 3B. In future
experiments, a wide concentration range of Arp2/3 complex and actin should be tested
because the concentrations, specifically of lower concentrations of actin, could reveal
greater nucleation defects. Additionally, a model to quantify the nucleation rate constants
should be used. Because of time limitations and focus on other projects, | did not
complete a concentration range and did not develop a model to quantify this data.
Therefore, | cannot quantitatively assign the difference in nucleation activity of WT or

mutant Arp2/3 complex for data from the TIRF.

| used pyrene fluorescence to compare the nucleation activity of WT Arp2/3
complex and mutant Arp2/3 complex and found that the mutant Arp2/3 complex was

slightly defective in nucleation. | used 3 uM actin monomers (30% pyrene labeled), 200
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nM Arp2/3 complex, and 500 nM GST-VCA at 25 °C. All proteins were mixed
immediately before recording and fluorescence emission was recorded with 407 nm
(excitation wavelength = 365 nm) in a plate reader. | calculated the concentration of
barbed ends at half maximal polymerization and founded that the concentrations were 21
nM for WT and 14 nM for mutant Arp2/3 complex suggesting that the mutant Arp2/3
complex produces less branches since the concentration of barbed ends is lower than WT

Arp2/3 complex.

The Young’s modulus of branched actin networks formed with E167A/E198A Arp2/3
complex is lower than networks formed with WT Arp2/3 complex

| used a magnetic bead compression assay to measure the Young’s modulus of branched
actin networks formed with WT or mutant Arp2/3 complex and found that the Young’s
modulus of networks formed with mutant Arp2/3 complex is ~25% lower than networks
formed with WT Arp2/3 complex. | performed these experiments under the guidance of
Olivia du Roure and Julien Heuvingh at the ESPCI in Paris. Branched actin networks
were formed by mixing 4.5 UM 5% 488 Alexa labeled actin monomers, 16.65 uM
profilin, 100-400 nM S. pombe Arp2/3 complex, 90 nM capping protein, and beads
coated with pWa. This mixture was immediately pipetted into a flow chamber
constructed with double sided tape and sealed with wax. After approximately 5-10 min
branched actin networks formed with WT Arp2/3 complex grew to approximately 200nm
larger than the dyna bead and networks formed with mutant Arp2/3 complex grew to
similar a size after approximately 10-15 min. This difference in rate of network formation
could be due nucleation defects in the mutant Arp2/3 complex. The difference in Young’s

modulus could be due to a differences in mechanical properties of the Arp2/3 complex or

71



due to a difference in the number of branches, as shown by previous experiments (77). To
definitively understand the difference in Young’s modulus formed by mutant and WT
Arp2/3 complex branched networks, the nucleation activities of both Arp2/3 complexes
must be measured precisely and more importantly, the effect of nucleation of the number

of branches in the networks must be measured.
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3.5 Figures
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Figure 1. Proposed cation binding sites in the Arp2/3 complex.
A molecular representation of the Arp2/3 complex bound to a mother filament via an
unpublished protein coordinate file obtained directly from professor Thomas Pollard.
Panel A (side view) and B (long-axis of an actin filament) are identical except B is
rotated 90°. The mother filament is represented in gray. The Arp2 and Arp3 subunits are
represented in blue and orange respectively. The remaining 5 subunits of the Arp2/3
complex are in green. The first two actin subunits of the daughter filament are in different

shades of pink. Mutations that disrupt the proposed cation binding site are represented as
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red spheres. Arrows point to the location of the proposed cation binding sites that are
located at the interface between the Arp2 (blue) and Arp3 (orange) subunits and daughter
filament actin subunits. (C &D) Sequence alignment comparison from Clustal Omega of

Arp2 and Arp3 proteins from human compared to S. pombe.
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Figure 2. The effect of Arp2/3 proposed cation binding site mutations on growth of
S. pombe

The E167A/E198A mutation into the Arp2/3 complex does not cause major growth
defects under stressful conditions compared to WT Arp2/3 complex in S. pombe. S.
pombe was grown using standard YES5S media to 0.4 OD and diluted by 10,100,1000, or
10000 fold and plated onto YE5S plates with 1M sorbitol or 3% glycerol, and grown for
2-3 days at 20, 32, or 37 C°. The growth of each strain after 2-3 days on each plate under

different conditions was recorded using a camera.
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Figure 3. The effect of E167A/E198A mutations on Arp2/3 complex on branch angle,
nucleation, and debranching activities.

All black symbols and curves correspond to WT Arp2/3 complex and red curves
correspond to E167A/E198A Arp2/3 complex. All experimental details are reported in
the methods section while some important conditions are provided here for ease. (A)
Comparison of branch angle of WT and E167A/E198A Arp2/3 complex as measured by
electron microscopy of negatively stained samples and plotted with a box and whiskers
plot. For WT Arp2/3 complex the mean is 72.1 £ 1.72° and for E167A/E198A Arp2/3
complex 73.7 £ 1.56°. The buffer used here is 1x KMIE. Branch angles were measured
by hand in ImageJ, details in methods. (B) The number of branches formed s per mother
filament length as directly observed by TIRF microscopy. Filaments with 10%

biotinylated 488-Alexa actin monomers were bound to the surface of the glass. KMIE
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buffer with 600 nM 647-G Actin, 30 nM Arp2/3, and 500 mM GST-VCA was pipetted
into the chamber. Immediately after, branch formation and length of mother filament’s
bound in that field were recorded over time and counted with ImageJ. The plot shows the
number of branches per second divided by the total length of the mother filament which
remains constant over time. Only branches grown on the original mother filament are
counted and not branches growing from new branches. (C) Comparison of nucleation
activity of WT and E167A/E198A Arp2/3 complex by the time course of pyrenal-actin
polymerization. Conditions: 1x KMIE buffer. Black and red trace: 3 uM actin monomers
(30% pyrene labeled), 200 nM Arp2/3 complex, and 500 nM GST-VCA at 25 °C. Blue
trace: 3 UM actin monomers (30% pyrene labeled). All proteins were mixed immediately
before recording and fluorescence emission was recorded with 407 nm (excitation
wavelength = 365 nm) in a plate reader (Molecular Devices, SpectraMax GEMINI XPS).
At half max polymerization the concentration of free barbed ends was 21 nM for WT and
14 nM for Mutant Arp2/3 complexes. (D) Comparison of WT and E167A/E198A Arp2/3
complex debranching with 500 ul/min buffer flow rate corresponding to approximately
~1 pN of force for a branch with length lum. Branches were formed and dissociation
under force was measured as described in Chapter 2. Smooth curves are the best fits of
double exponential decays with lifetimes yielding WT - fast phase lifetime of 0.22 £0.01
min and slow phase 3.47 £0.09 min and Mutant - fast phase lifetime of 0.17 £0.03 min

and slow phase 2.03 £0.07 min.
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Figure 4. Branched actin networks formed with the mutant Arp2/3 complex have a
lower Young’s Modulus compared to WT Arp2/3 complex

All experimental details are reported in the methods section while some important
conditions are provided here. (A) A representative image of the magnetic bead
compression assay. 4.5 um Dyna 450 epoxy beads are coated with pWa or BSA. These
beads are mixed with 4.5 uM 5% 488 Alexa G-Actin, 100-400 nM (WT or Mutant)
Arp2/3 complex, 16.65 uM profilin, 90 nM capping protein in 1x KMIE. Beads coated
with pWa grow branched actin networks around them and a bright “gel” is observed
whereas the dark beads are coated only with BSA and remain dark. After the radius of the
network is at least 200 nm larger than the bead, a gradually increasing magnetic field is
applied and then gradually released while the centroid of the bead is tracked with
nanometer precision to calculate the deformation of branched actin network. Young’s
modulus is calculated as described in (77) and described in detail in methods. A stiffer
branched actin network deforms less compared to a softer one and will have a lower
Young’s modulus. (B) Comparison of the Young’s modulus of branched actin networks
formed with various concentrations of WT (black circles) Arp2/3 complex or mutant
Arp2/3 (red squares) Arp2/3 complex after at least 3 minutes after of network assembly is
completed. Each data point represents a mean of more than 100 measurements recorded
on 3 different days. Error bars represent the SEM of the entire data set with n > 300 for

each measurement (across all days).
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Figure 5. Electron microscopy of negatively stained Arp2/3 complex branches

A typical negative stained Arp2/3 complex branch. All experimental details related to
sample preparation are reported in the methods section. (A) A cropped image from a
micrograph at 73000x zoomed in for clarity. (B) An example of measuring the Arp2/3

complex branch using the Image J “Angle Measurement Tool”. This particular branch

had an angle of 60 degrees.

80



3.4 Discussion

| tested the hypothesis that the Arp2/3 complex contains a cation binding site that
modulates the stiffness of the junction by binding to cations. | made a mutation of the
proposed cation binding sites of the Arp2 and Arp3 subunits of the Arp2/3 complex
(E167A-Arp2 E198A-Arp3) because these mutations are expected to disrupt the proposed
cation binding site. | compared the biochemical and biophysical properties of the mutant
to the WT Arp2/3 complex and the data I collected shows that there are no observable
differences between the WT and mutant Arp2/3 complexes in bulk growth assays in
stress conditions, branch angle, or debranching under force. However, the mutant Arp2/3
complex is slightly lower in nucleation activity and may explain the lower Young’s
modulus of the networks formed by mutant Arp2/3 complex. Alternatively, the reduced
Young’s modulus could be because the mutant Arp2/3 complex is more compliant under
load compared to WT Arp2/3 complex. However, this conclusion is impossible to
confirm until the number of branches in the branched actin network is quantified because

the Young’s modulus depends on the number of branches.

Reasoning for Arp2/3 complex mutations and effect on growth

The hypothesis that cations modulate the stiffness of the Arp2/3 complex branch
junctions originated from a structural comparison of actin and Arp2/3 complex (28).
Based on this structural comparison, | made the mutations (E167A-Arp2 E198A-Arp3)
because these mutations are expected to disrupt the cation binding site and consequently
abrogate the ability of the Arp2/3 complex to bind cations. Although the proteins Arp2
and Arp3 are very similar to actin in sequence and structurally, the Arp2/3 complex may

not rely on cation binding for junction stiffness and may rely on factors such as numerous
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protein-protein interfaces. The mutations have no observable growth defects even under
stress, suggesting that they are not critical for function or the organism complemented the
mutation in some unknown way. To determine if compensatory mechanisms occurred in
the mutant strain, it is possible to sequence the genome to see if other mutations were
present or it is possible to check if the concentrations of other proteins were altered,
specifically during functions like endocytosis. A full genome sequencing of the mutants
could reveal any compensatory mutations. To determine if the concentration of other
proteins was altered during endocytosis, the number of molecules during endocytosis
could be measured via quantitative fluorescence microscopy. It is possible that the
mutations could result in a softer network resulting in the need for increased actin or
cross-linking proteins such as fimbrin to stiffen the network and generate the required
force to deform the membrane. A quantitative western blot to measure concentrations of a

proteins that are likely to be affected (actin, fimbrin, capping protein, etc) is also possible.

Effects of mutations in the Arp2/3 complex on branch angle and debranching

There are multiple possibilities that could explain why the mutations had no observable
effect on the branch angle. First, the effect of the mutations could simply not be
important for the stiffness of the branch angle if the branch angle stiffness relies on other
structural properties of the Arp2/3 complex. For example, the Arp2/3 complex contains 7
subunits, three that interact with the mother filament and two that interact with the
daughter filament. The mutations | made are on the interface of the subunits (Arp2 and
Arp3) which interact with the daughter filament. If the stiffness of the branch angle is
modulated primarily by the mother filament interface, then the mutations would have no

effect on branch stiffness. Alternatively, the 2 mutated amino acids comprise only a small
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fraction of the total interface area between the Arp2/3 complex and the mother filament.
So, the mutations may have a small effect on the structure/stiffness of the entire complex

compared which spans over a much larger area.

Second, the method to measure branch angle stiffness (negative stain EM) relies
entirely on accurately capturing the fluctuations of the branch angle and may not be
sensitive enough to observe any changes in branch angle stiffness. The branch angle
could be different due to the mutations, but if the difference is ~<3°, then even negative
stain electron microscopy may not be able to capture this difference accurately.
Furthermore, the first ~50-100 nm of the branch, which include ~18-36 actin subunits,
are used to measure the branch angle. If the change in the angle is only between the
Arp2/3 complex and the first subunit of the daughter filament, a much high resolution is
required to observe a change and measuring the first ~18-36 subunits would mask any

change in angle.

Lastly, there may be other amino acids important for the cation binding site in the
Arp2/3 complex other than the Glu167 which are not important in actin. New potential
mutations predicted via more detailed structural bioinformatics analysis could be tested in
the future. It is also possible that there may be no cation binding site in the Arp2/3
complex even though it is clearly present in actin. The S. pombe Arp2/3 complex may not
have a detectable cation binding site but Arp2/3 complexes from other organisms may

have one and could be important for mechanics.
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Effects of mutations in the Arp2/3 complex on nucleation and debranching

The mutant Arp2/3 complex has decreased nucleation activity as measured directly by
TIRF microscopy and by bulk pyrene fluorescence but these measurements provide little
or no mechanistic explanation. Below | discuss a few possibilities that may contribute to

the decreased nucleation activity.

Since the mutations are at the interface of the Arp2/3 complex and incoming
monomer, the reduced nucleation activity could be due to decreased affinity of the
incoming actin monomers prior to branch formation. Before branch formation, the
Arp2/3 complex is bound by two activating proteins (in this work, one single dimeric
activator GST-VCA) which are thought to shuttle in one or both actin monomers (18, 19)
preceding branch elongation. Subsequently, the activator dissociates (18, 55) and branch
elongation begins. If the new actin monomers interacting with the mutated Arp2/3
complex dissociate faster than compared to WT Arp2/3 complex before branch formation
can occur, it could result in decreased nucleation activity. It is unlikely that the affinity
for the mutant Arp2/3 complex and daughter filament is different compared to WT
Arp2/3 and daughter filament in a mature branch because branches formed from both
complexes have similar dissociation rate constants under ~1 pN of force. So, the affinities
for the actin monomers could be different before and after branch formation. However,
the WT Arp2/3 complex dissociates with the daughter filament during a debranching
event which shows that that the weakest interface is probably between the Arp2/3
complex and the mother filament. Therefore, it is not surprising that the mutated interface

does not affect debranching. It is important to note that it is unknown if the mutant
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Arp2/3 dissociates with the daughter or remains bound to the mother because it was never

labeled and observed during debranching.

There are a few other possible explanations for the reduced nucleation activity.
For example, decreased affinity to mother filament before branch formation, decreased
affinity for ATP which is required for branch formation, or decreased affinity for
activator. Less than 1% of Arp2/3 complex binding events to the mother filament result
in branch formation (19). If the dissociation rate constant (prior to branch formation) of
the Arp2/3 complex from the mother filament is increased, it could also result in an
observed nucleation activity because less branches would form. Since ATP bound to the
Arp2/3 complex is a prerequisite for branch formation, if the mutated Arp2/3 has a
decrease affinity for ATP, this could affect observed branch formation (17). It is possible
that the affinity of the mutant for the activator GST-VCA could be reduced. However,
since there is a large excess of GST-VCA bound on the column during purification, any

modest difference in affinity would not be observed.

Mechanical properties or nucleation defects can lead to decrease Young’s modulus
Branched actin networks formed with mutant Arp2/3 complex have a ~25%
decreased Young’s modulus compared to WT Arp2/3 complex at all concentrations
tested and there are multiple explanations for this observation. First, it is possible that the
mutant Arp2/3 complex is more complaint when under load even though the branch angle
stiffness without load is undistinguishable from WT Arp2/3 complex. It is possible that
the cumulative effect of many slightly weaker branches in a network with presumably
hundreds of branched actin filaments could easily result in a decreased Young’s modulus

of the entire network. Alternatively, the reduced nucleation activity of the mutant Arp2/3
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complex could result in fewer branches in the network and could also explain the
decreased Young’s modulus because the Young’s modulus is affected by the number of
branches. Since the number of Arp2/3 complex branches in the dense branched actin
network could not observed, it is unfortunately impossible to differentiate between the
two possibilities. | attempted to count the number of branches with labeled WT Arp2/3
complex in the network but since the network density is so high, it was impossible to
distinguish individual branches and count them. It may be possible with a small ratio of
labeled to unlabeled Arp2/3 complex branches, but unfortunately completing this
experiment is only possible in Paris, France in the du Roure lab due to their equipment

and expertise.

86



3.5 Methods

Growth Assays

S. pombe, WT (JB 300) and JB300 with the mutations Arp2 E167A and Arp3 E198A,
were grown in YE5S at 32° to OD 0.4. Cultures were diluted 10,100, 1000, or 10,000
fold and plated onto YES5S media plates supplemented with 3% glycerol or 1M Sorbitol

and grown for 2-3 days at 20, 32, or 37 C°.

Negative stain electron microscopy

Branched actin networks were assembled with 200 nM Arp2/3 complex, 500 nM GST-
VCA, and 3 uM rabbit skeletal actin Mg-actin monomers in 1x KMIE buffer (50 mM
KCI, 2 mM MgCl, 10 mM Imidazole, 1 mM EGTA, 0.2 mM ATP, 2 mM DTT) for 2-3
minutes. This solution was diluted 10-20 fold and pipetted onto a copper mesh grid
(FCF300-CU from Electron Microscopy Sciences) and coated with 1% uranyl acetate.
Excess solution was wicked of gently with a paper towel and allowed to dry in the fume
hood for 5-10 min. Images were taken on a FEI Talos L120C in Bass Center, Yale
University with 40,000x to 90,000x magnification. A typical Arp2/3 complex branch

image can be seen in Fig. 5.

TIRF microscopy to measure nucleation activity of Arp2/3 complex

Microfluidics chambers were constructed as described previously in methods section of
Chapter 2 and used in these experiments here. Actin filaments were assembled with 10%
biotin and 15% 488-Alexa ATP-Mg bound actin monomers with 1x KMIE at room
temperature for 1 hour. These filaments were pipetted into the microfluidic chamber and

immobilized on the surface via biotin-neutravadin interaction. Unbound filaments were
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washed away with 1x KMIE. Next, 600 nM 15% 647-G Actin, 30 nM Arp2/3 complex,
and 500 mM GST-VCA in 1x KMIE buffer was pipetted into the chamber to allow for
branch formation. Immediately after, video recording was started to capture branch
formation with a 10 frames s frame rate. After approximately 2-3 minutes, the field of
view was too dense to observe new branch formation so the experiment was terminated.
The time of branch formation and length of mother filaments were recorded by hand

using ImageJ.

Pyrene actin polymerization assays

Actin monomers at concentration of 3 uM actin monomers containing 30% pyrene
labeled monomers, 200 nM Arp2/3 complex, 500 nM GST-VCA were mixed together in
1x KMIE and polymer growth was observed immediately using a plate reader (Molecular

Devices, SpectraMAX Gemini XPS) with 365 nm excitation light and 407 emitted light.

Debranching under force assays
Debranching under force assays were completed as described in section “Preparation of

branched actin filament networks and experimental procedures” in Chapter 2.
Magnetic bead compression assay

Dyna 450 epoxy beads that were 4.5 um in size were coated with GST-pWa (mammalian
Arp2/3 complex activator) or BSA according to the manufacture’s specification. Briefly,
beads were washed three times with 20 mM Tris buffer with 50 mM KCI and then
incubated with either 2 uM pWa or 1 mg/ml BSA. Finally, beads were washed with the
same buffer supplemented with 0.1 % BSA. Equal quantities of GST-pWa coated and

BSA coated beads are mixed with 4.5 uM 5% 488 Alexa G-Actin, 100-400 nM (WT or
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Mutant) Arp2/3 complex, 16.65 uM profilin, 90 nM capping protein in 1x KMIE. Beads
coated with pWa grow branched actin networks around them and a bright “gel” is
observed whereas the dark beads are coated only with BSA and remain dark. This
mixture is pipetted into a microfluidic chamber and sealed with wax so the concentration
of proteins remains constant. Fluorescent branched actin networks (the bright beads)
grow on the beads and are visible after 5-15 minutes. After the radius of the network is at
least 200 nm larger than the bead, a gradually increasing magnetic field is applied and
then gradually released. While applying and releasing the magnetic field, the centroid of
the bead is tracked with nanometer precision to calculate the deformation of branched
actin network. Measurements of the network are only taken at the interface of pWa-
coated beads and BSA coated beads so the branched network is compressed with the hard
(unyielding) surface of the BSA-coated. Force and Young’s Modulus is calculated as
described in (77). Briefly, force on the networks is calculated from the applied magnetic
field (3-80 mT) and contact area of the bead using a Hertzian contact model. Young’s
modulus is calculated from the stress on the network (stress=force/area) and the observed
deformation of the branched actin network (strain=change in length/length) where F is

force, A is area, and | is length.

stress

Young's Modulus = — =
strain

~|B 1=
m
o
o
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Chapter 4 — Conclusions

In this section I highlight the 5 main conclusions of my work and discuss why |

believe these conclusions are important for the field.

1 - Branches formed by Arp2/3 complex are very sensitive to force because small
piconewton forces reduce the lifetime of Arp2/3 complex branches from hours to
seconds. There is a significant discrepancy between the lifetime of branches in vivo and
lifetimes measured in vitro (in experiments without regulatory proteins like
cofilin/GMF); branches in the cell turn over much faster than in vitro. My finding that
forces accelerates debranching could help explain this discrepancy suggesting that forces
in the cell could allow for fast disassembly. One other explanation for this discrepancy
could be that regulatory proteins that accelerate debranching found in cells are absent
from the in vitro experiment. Since both forces and regulatory proteins are present in
cells, I expect that both factors modulate Arp2/3 complex branch lifetimes in the cell and
consequently both force and regulatory proteins may interact with one and other. So, this
observation leads to new questions to about the interaction between force and regulatory
proteins to modulate Arp2/3 complex lifetimes. Lastly, this new force-dependent
debranching parameter can be included in models to improve predictions and descriptions
of network turnover.

2 - Branches formed by Arp2/3 complex have two mechanical states with different force
sensitivities. Phosphate release from Arp2/3 complex causes the transition from the
strong to the weak state. Why the Arp2/3 complex is an ATPase is unknown and the
reports on the ATPase activity have been contradictory. My work further differentiates

the two main contradictory reports and favors a mechanism that phosphate release
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accelerates debranching but does not trigger it. Since ADP branches are long lived in the
absence of force (~hours), it eliminates the hypothesis from Carlier lab (16) that
hydrolysis triggers branch formation.

Furthermore, the findings here may improve the quality of in vitro experiments
for all other researchers. Most measurements of the Arp2/3 complex occur at anytime
after branch formation and the age of branch lifetimes is not considered or reported and
this may explain some of the discrepancies between labs such as binding affinities
reported for GMF binding to Arp2/3 complex. However, this work clearly shows that
there is a transition in both biochemical and biophysical properties that change over time
(due to phosphate release) and so researchers may account for “age time” in the future for
their experiments. This is analogous to how researchers must “age” actin filaments into
the ADP actin state before making measurements with cofilin because cofilin interacts
differently with ADP and ADP-P;.

3 - Neither the force on the mother filament nor the nucleotide bound to the mother
filament affect Arp2/3 complex branch lifetime. Interpretation of data from a previous
report suggested that the mother filament nucleotide state affects the Arp2/3 complex
branch lifetime and the work here may provide a new interpretation (39). Due to
improved surface functionalization, the work here does not rely on surface bound
myosin’s to capture branches and therefore may overcome a limitation in previous
experiments.

Since only the nucleotide state of the Arp2/3 complex controls the branch
lifetimes, this regulatory mechanism provides an additional and independent “internal

timer” (actin is another one) that will could be important for regulating network turnover.
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Meaning, the nucleotide state of actin and Arp2/3 complex ould be controlled and
targeted independently which allows for multiple levels of regulation. Lastly, this
observation provides more evidence to support the dendritic nucleation hypothesis.

4 - The Arp2/3 complex and branch dissociate from the mother filament within 100 ms of
each other. This is an important finding because it eliminates the possibility that the
Arp2/3 complex cannot immediately form new branches at the location it was bound and
so it must dissociate, re-bind ATP, re-bind the activator, and then form new branches.
This places both physical and time constraints on the role of individual Arp2/3
complexes; branches can ONLY form at the leading edge since they will require a freshly
ATP-bound Arp2/3 complex and a membrane bound activator and debranching within
the older portions of the network cannot trigger new branch formation.

5 - GMF only dissociates “old” branches with bound ADP and the debranching activity is
slow. This observation is again consistent with the dendritic nucleation hypothesis
because it provides direct evidence for another analogous regulatory mechanism; GMF
can specifically target older branches for turnover similar to how cofilin targets older
filaments by turnover. Since GMF and cofilin are so homologous it is no surprise that
they both rely on the nucleotide state of their targets for regulation and activity. Lastly,
since GMF activity is relatively slow, it places an upper limit on how fast GMF may act
and also suggests that GMF will not be able to act on newly formed branches. Since
GMF affinity is very tight, many GMF molecules are not required for function in the cell.
It would be interesting to investigate if there is a biological mechanism to accelerate
GMF activity such as a binding protein to chaperone GMF to an Arp2/3 complex or

PTMs on the GMF directly.
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Chapter 5 — Future directions and speculations

During the course of my thesis research | have kept a note book of questions that have
interested me and questions that came up during discussion with others, specifically Dr.
Anthony Schramm, Dr. Wenxiang Cao, Dr. Jeff Bibeau, Shawn Gray, and Professor
Enrique De La Cruz. Below, I highlight the most interesting (interesting to me at least)

follow-up experiments that could be the topic of future investigations.

Arp2/3 complex follow-up experiments

It would be interesting to compare the branch angle of different Arp2/3 isoforms
and use differences in their inherent structure to identify/predict which components may
lead to differences in branch angle. A detailed bioinformatics or molecular dynamics
study maybe able to predict the most important differences between the isoforms and side
directed mutagenesis may be able to test those predictions.

The nucleotide state of the Arp2/3 complex may also affect the branch angle and
branch stiffness since it clearly controls the biophysical properties such as sensitivity to
force. So, it would be interesting to measure the branch angle of ADP and ADP-BeFx
branches and check if there are any differences. | actually do expect a difference because
the branch angle because it is critical for efficient force generation when the Arp2/3
complex is near the membrane but is less important as the Arp2/3 complex treadmills
away form the membrane (when it is most likely in the ADP state). The change in branch
angle could reflect a change in conformation (ADP-BeFx to ADP) and may recruit
debranching proteins different (see below). This change in conformation could be very
small, similar to how a change in flexibility of the D-loop in ADP-P; actin reduces the
affinity of cofilin to the actin filament (7). If the nucleotide does affect branch angle (or
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branch angle variation), the branch angle could be use as an indicator for the nucleotide
state of the Arp2/3 complex and this indicator would be useful studying Arp2/3 binding
proteins. A Hidden Markov Model could be used to predict the probability the nucleotide

state (hidden state) based on the branch angles (observed data).

GMF follow-up experiment

The data I collected revealed that GMF preferentially dissociates branches with ADP-
Arp2/3 complex branches over ADP-BeFx but the data provided no mechanistic detail on
why. So, it would be interesting to identify if GMF binding, activity, or both is reduced
be ADP-BeFx Arp2/3 complex branches.

It would also be interesting to check if GMF binds preferentially to Arp2/3 complex
branches at a particular angle. The reason for this is the conformation of the Arp2/3
complex itself may change as the entire branch fluctuates between ~60° and 80° and this
conformational change may be alter affinity for GMF binding. If branches within the
branched actin network have unique branch angles at the leading vs bottom edge of the
branched actin network, the angle of the branch may allow for specific targeting. Other
proteins are sensitive to small changes in angle, for example Arp2/3 complex itself
preferentially binds different angles of the actin filament (prefers convex angles over
concave angles).

Although the affinity of GMF for ADP-Arp2/3 complex is high (Kg, cmr) of 40 (z 10)
nM, the GMF activity is surprisingly slow (kewr = 1/zemr) of 0.31 (x 0.05) min. This
suggests that only a few GMF molecules (<10-50nM) in the cell could debranch most of
the network (given that GMF unbinds from the Arp2/3 complex after debranching and

then can bind to another Arp2/3 complex) although it would be a slow process. So, in
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future experiments it would be interesting to find a mechanism by which GMF activity
could be accelerated (binding protein, PTMs, or force). With such a mechanism, the
GMF could be always present near the network but relatively “inactive” due to the slow

activity but then be “triggered” on when needed.

Cortactin follow-up experiments

A wide range of questions related to how cortactin stabilizes the Arp2/3 complex
remain unanswered. | think the three most critical questions are as follows. 1) Are
cortactin bound branches more resistant to force? 2) Does cortactin stabilize the Arp2/3
complex by reducing the rate of phosphate release and/or through a physical tethering

mechanism? 3) Does cortactin change the branch angle of the Arp2/3 complex?
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